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Summary                                                                                                           ix 
Synthesis and Optoelectronic Applications of Branched 
Semiconductor Nanocrystals 
Summary  
Nanoscale materials are currently being exploited as active components in a wide 
range of applications in various fields, such as chemical sensing, biomedicine, and 
optoelectronics. While conventional spherical colloidal nanocrystals have shown 
promise in these fields due to their ease of fabrication, processibility and salient 
optical properties, it may be envisaged that more applications may emerge if 
nanocrystals can be synthesized in shapes of higher complexity and therefore 
increased functionality. Shape control in both single- and multi-component 
systems, which greatly impacts their physical and chemical properties, however, 
remains empirical and challenging. This thesis essentially summarizes a body of 
work done on the synthesis of different composition of core/shell tetrapod’s, study 
the facet dependent metal deposition, as well as demonstrated the use of those 
core/shell tetrapod’s as a optoelectronic material. In the first part of this thesis we 
will elaborate on a systematic, surfactant-driven hot injection method to 
synthesize CdSe seeded CdS nanoheterostructures with very high yield. This was 
extended to other systems such as CdSe/CdTe and CdTe/CdS or PbSe/PbS and Cu 
2-xSe/ Cu 2-xS via cation exchange techniques. In order to elucidate the reactivity 
of the facets at the tips of such branched structures as a function of the shape of 
the arms, we exposed the structures of various arm dimensions to controlled 
amounts of metal precursors and discovered conditions in which the metal 
nanoparticle can be deposited precisely at the tip of one of four arms with 
symmetric reactivity. Finally, at the end of this thesis we will showcase the utility 
Summary                                                                                                           x 
of such branched heterostructures in applications such as photodetectors and solar 
cells. 
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1.1 A General Introduction on Semiconductor Quantum dots: 
Colloidal semiconductor nanocrystals, also known as „„quantum dots‟‟ (QDs), are 
inorganic materials composed of atoms ranging from a few hundred to a few 
thousand in number, capped by an organic layer of surfactant molecules known as 
ligands (Figure 1.1a).
1
 Their small size within 1-10 nm results in an observable 
quantum confinement effect, which causes the energy levels near the band edge to 
become discrete. This quantum confinement effect normally occurs when the 
particle size is comparable to its bulk Bohr exciton radius (As example 56 Å for 
the CdSe). The size-dependent optical properties of QDs have been extensively 
researched on over the past two decades and have been found to be very 









. Figure 1.1b shows the low resolution 
transmission electronic microscopy image (TEM) of typical CdSe QDs with a 
high degree of monodispersity, and a zoom-in picture showing its crystalline 









Figure 1.1 (a) QDs stabilized in the solvent by organic capping groups, which in this 
case, primarily trioctylphosphine and trioctylphosphine oxide. (b) Low resolution TEM 
images of as-synthesised CdSe quantum dots with zoomed in image showing the lattice 
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1.1.1 Synthesis of Monodisperse QDs : 
The first insight into the quantum size effect of CdSe materials was observed in 
the early 1930s by Roksby.
6
 About two decades later, researchers from Bell 
Laboratories and from IBM invented the quantum well, which exhibited 1D 
quantum confinement. In 1983, Brus et al. at Bell Laboratories synthesized CdS 
crystalline quantum dots from inorganic salts at room temperature and studied 
their optical properties.
7 
After this first chemical synthesis of colloidal CdS 
quantum dots, it took about ten years before Murray et al in 1993 at MIT 






Figure 1.2. The experimental setup for quantum dots synthesis by hot injection 
method. 
 
(as depicted in Figure 1.2) to produce monodisperse spherical and highly 
crystalline QDs.
8
 In this synthesis procedure, pyrophoric organometallic 
precursors of the cadmium chalcogenide were rapidly injected into a mixture of 
degassed, high boiling-point organic solvent and surfactants at elevated 
temperatures of ~360
o
C under inert conditions. The rapid thermal decomposition 
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of the precursors leads to the nucleation and growth of QDs in accordance with La 
Mer‟s crystal growth model. The ligands (also known as capping groups) control 
the nucleation and growth rates by dynamically binding to and coming off the 
surface of the QDs, as well as to the constituent QD precursors in solution. This 













Figure 1.3 TEM images of colloidal semiconductor nanocrystals of different 
materials. Adapted with permission from ref. 9. 
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understood in terms of a small number of elementary kinetic steps. They are: step 
1) Induction or pre-nucleation stage, 2) Nucleation stage, 3) Growth stage and 
lastly 4) Annealing stage. After the introduction of the hot injection method by 
Murray et al, another significant milestone in QD synthesis was achieved when 
Peng et al demonstrated that it was possible to replace pyrophoric organometallic 
precursors with less toxic metal salts. 
10 
Following this methodology, the synthetic 
development of various II-VI (CdSe,CdTe, CdS),
8,11-16
  III-V  (InP,InAs) 
17-20







) colloidal semiconductor QDs have since been 
reported. Figure 1.3 is the summary of the different materials composition of 
QDs that have been developed by different research groups over time. Due to the 
poor ability of the organic layer to passivate the dangling bonds on the surface 
atoms of the QDs, the as-synthesized QDs were found to have numerous surface 
traps. Due to these surface traps, the photogenerated exciton often recombines 
non-radiatively (this will be discussed in detail in the next section), resulting in 
poor quantum yields (QY). In the case of the original hot-injection method 
introduced by Murray et al in 1993, QY‟s were often low, at ~1 – 5%. This 
problem can be overcome by the growth of another inorganic material of a larger 
band gap around the QD (core-shell), as first reported by Hines et al in 1996.
24 
 In 
this process the shell material precursors are added drop wise to a relatively dilute 
solution of QD cores at temperatures sufficiently low to prevent homogeneous 
nucleation of the shell materials. This solution requires that when the shell material 
is being chosen, the band gap and lattice mismatch should be taken into consideration. In 
the ideal case of epitaxial growth of the shell around the QD, the dangling bonds become 
well-passivated, thus reducing the number of non-radiative processes and dramatically 
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improving the overall quantum yield (QY) of the QDs. In fact, it was recently 
shown that spherical core-shell CdSe/CdS QDs can have QY‟s of nearly 100%.25 
1.1.2 Surface Structure of the quantum dots: 
 
Due to the high surface-to-volume ratio in QDs, optical properties of QDs are 
highly dependent on the electronic quantum states associated with the surface, 
called surface states. This dependency can be better understood by the fact that, 
for the case of 5 nm diameter CdS, roughly 15% of the atoms are on the surface.
26
 
Such a high density of surface sites can either facilitate a pronounced or reduced 
transfer rate of photo-generated charge carriers to surface states. These states may 
cause several effects on various properties of the QDs such as quantum efficiency, 
spectral profile and aging.
27
 The energies of these surface states generally lie 
within the band-gap of the QDs.
28
 Therefore, the surface states can trap charge 
carriers (electron or hole) and function as reducing (electron-donating) or 
oxidizing (hole-donating) agents. Given their relatively long lifetimes, charge 
carriers trapped within surface states can significantly affect the overall 
conductivity and optical properties of QDs. Thus the study of optoelectronic 
properties of QDs very much concerns understanding the nature of the surface 
states and how to prevent their occurrence. In the following section, the two main 
ways to passivate the QD surface and minimize the formation of trap states will 
be introduced and discussed. 
1.1.2.1 Organically Capped Quantum Dots 
 
As was discussed earlier, monodispersed QDs are synthesized by introducing 
organic molecules that bind to the QD surface and act as capping agents (Figure 
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1.4(a)). These organic capping groups are used not only to allow for dispersibility 
in compatible solvents, but also provide a means to conjugate them to other 
molecules relevant to biological or chemical sensing applications. However, the 
nature of the organic ligands that form dative bonds with surface atoms of the QD 
is a very complex issue. In general, n-alkyl phosphines, (e.g., tri-n-octyl 
phosphine – TOP), mercapto (-SH) and amino (-NH2) alkanes are the most 
common ligands. Due to the fact that organic ligands are unable to bind to all of 
the atoms at the surface of the QD, there are still a significant number of surface 
states for ligand-capped QDs. As such, people often use an inorganic shell as a 















Figure 1.4 Schematic illustration of (a) an organic surface ligand capped QD, 
where some surface atoms are unsatisfied and (b) an inorganically passivated QD. 
(c) An energy diagram shows the band-gap difference of core and shell of the 
inorganic capped one. Adapted with permission from ref. 28. 
 
1.1.2.2 Inorganically Passivated Quantum Dots 
 
Perhaps the most effective way to passivate the exposed atoms at the QD surface 
is the use of epitaxially grown inorganic layers (as depicted in Figure 1.4(b)), and 
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particularly with a material that possesses a larger band-gap.
24
 This approach can 
dramatically improve the QY because of all of the surface atoms of the QD can be 
passivated by the shell layer. The QY of the core/shell QD is also dependent upon 
the thickness of the shell layer, where a very thick shell ensures that the 
photogenerated exciton in the core is isolated from the external chemical 
environment. Nevertheless, very thick shells can suffer from strains caused by 
lattice-mismatch and become non-epitaxial with respect to the core. This is due to 
the fact that the shell material adopts the lattice parameters of the core during 
shell growth that differs from its own set of lattice constants. The resulting strain 
can in turn red-shift the absorption and emission spectra of the core/shell QDs,
29
 
and thus need to be considered when using core-shell QDs for wavelength 
specific applications.
 
Even thicker shells can result in cracking and thus loss of 
QY. There thus exists an optimum shell thickness for maintaining emission 
wavelength specificity and QY while being able to isolate the core from the 
external chemical environment. 
1.1.3. Properties of quantum Dots: 
QDs are well known for their size dependent optical properties, which we will 
discuss in the following section. 
1.1.3.1 Quantum Confinement Effects and Band-Gap 
 
For semiconductors, the band-gap is the energy required to excite an electron 
from the valence band to the conduction band, leaving a hole in the valence band. 
In the absence of an external field, photo-excitation of the semiconductor results 
in a bound electron-hole pair, called an  


















Figure 1.5 schematic diagrams showing the effect of quantum confinement form 
bulk to nano scale material. It can be seen that discrete energy levels are obtained 
due to a quantum confinement effect. 
 
exciton. The exciton behaves like a hydrogen atom, except that a hole, and not a 
proton is present. Obviously, the mass of a hole is much smaller than that of a 
proton, and this property of the hole affects the solutions to the Schrödinger wave 
equation. The distance between the electron and the hole is called the exciton 
Bohr radius (Rb). If the radius (R) of a QD approaches RB, i.e., R ≈ Rb, or R < RB, 
the motion of the electrons and holes become confined spatially to the dimensions 
of the QD and this causes an increase of the excitonic transition energy and the 
observed blue shift in the QD band-gap and luminescence. This is the origin of 
the so-called quantum confinement effect. Discretization of the electronic states 
for semiconductor QDs (illustrated in Figure 1.5) can qualitatively be understood 
by considering a "particle-in-a-sphere" model (depicted in Figure 1.6(a)), where 
the electron and hole start to “feel” strongly the effects of the boundary 




Figure 1.6 (a) shows the confinement effect on CdSe QDs and how it follows the 
particle in a box model. (b) On the right hand absorption spectra of CdSe with 
respect to size, taken from CB Murray et.al work. Adapted with permission from 
ref.8. (c) An image of a real example of different sized CdSe QD emitting light 
from blue to red. 
 
which is at a higher energy potential. In general, quantum confinement effects 
become important when the particle radius is comparable to or smaller than the 
Bohr exciton radius. It is known that the bulk Bohr exciton radius of CdSe is 56 Å 
and as seen in the reported absorption spectra given in Figure 1.6b, taken from 
[8], below, the confinement effect is clearly seen for QDs below 56 Å in radius 
(as shown by the multiple distinct peaks which correspond to discrete energy 
transitions) and is much less pronounced for QDs larger than that. The 
photographic images in figure 1.6 c also show the shape-dependent emission of 
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CdSe QDs of different sizes in toluene, where the smallest particles emit blue and 
the largest particles emit red. 
1.1.3.2. Luminescence Properties  
Upon excitation with an external energy source, an electron from the valence 
band is excited to a higher energy conduction band and this creates an exciton (i.e. 
electron-hole pair). As discussed above, the energies associated with such optical 
absorptions are directly determined by the electronic structure of the material. 
After the formation of an exciton, the electron may recombine with the hole and 
relax to a lower energy state, ultimately reaching the ground state. When this 
recombination happens, the QDs emit a certain wavelength of light, causing 
luminescence. The excess energy resulting from relaxation, dissipates via 
nonradiative pathway (emits phonons or Auger electrons). Some radiative events 
from band-edge, defects and nonradiative processes are discussed in brief.  The 
most common radiative relaxation processes in intrinsic semiconductors is band-
edge and near band-edge (exciton) emission. The recombination of an excited 
electron in the conduction band with a hole in the valence band is called band-
edge emission. The energy difference between the maxima of the emission band 
and of the lowest energy absorption band is called Stokes shift. The electron and 
hole may is bound by a few meV to form an exciton and that leads to near band-
edge emission at energies slightly lower than the band-gap which is called stoke 
shift. The lowest energy states in QDs are referred as 1se-1sh (also called exciton 
state). The additional peaks along with 1se-1sh were observed in QD absorbance 
spectra ( Shown in Figure 1.6b), Bawendi et al. assigned these peaks as formally 
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forbidden 1se-1ph and 1se-2sh.The full width at half maximum (FWHM) of a 
room-temperature band-edge emission peak from QDs varies from 15 to 30 nm 
depending on the average size of particles 
1.2. Shape control beyond spherical dots: 
 
1.2.1 Importance of the branched nanocrystal: 
 
In the past decade, people have developed techniques to synthesize branched 







 and recently, also in 
scanning probe microscopy.
36
 The branched structures have several advantages 
over their spherical and nanorod counterparts that render them more useful for 





Figure 1.7 Comparison of the volume of QDs of different shapes. 
 
Firstly, it is evident in the cartoon depiction in Figure 1.7 that tetrapod structures 
have larger volumes than nanorods or QDs, thus resulting in larger linear and 
multiphoton absorption cross-sections.
37 
Their unique geometry also allows them 
to capture photons from a wide range of incident angles more effectively than 
nanorods of the same volume, where most of the absorption occurs along the axis 
bearing the length of the rod. These two properties collectively mean that the 
effective absorption cross-section of branched structures is much higher than that 


















of spherical QDs or even nanorods. Secondly, branched QDs have a higher 
number of charge percolation pathways and would possess a lower number of 
inter-particle hopping/tunneling events in a given active material ∼ 1.5 × 10 8 M−1 
cm
−1









The large absorption cross-section is particularly useful in 
light-capturing applications such as photodetectors and solar cells. distance, 
which is illustrated in the following schematic (Figure 1.8). These are important 
parameters of an optoelectronic device, and tetrapod structures should in principle 
be more suited for optoelectronic applications than QDs and nanorods. 
 
  
Figure 1.8. Schematic diagram showing the higher number of charge percolation 
pathways (Left) and a lower number of inter-particle hopping (right). 
 
 
In the case of heterostructured tetrapods where the core and arms of the tetrapod 
are of a different material, a judicious choice of band alignment between core and 
arms can result in extensive delocalization of the electron or hole wavefunction 
from the core into the arms of the tetrapod. This results in a prolonged exciton 
lifetime and is thus ideal for applications requiring efficient charge separation, 
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such as solar cells. Additionally, given the reduced spatial overlap between the 
core electron and hole wave functions, tetrapods structures are expected to yield 
suppressed non-radiative Auger recombination rates which allow them to serve as 
more efficient optical gain material than nanorods or QDs, as demonstrated 
recently by our research group.
39 
1.2.2 Engineering the shape of QDs towards anisotropic structures: 
In contrast with bulk semiconductors material, QDs are terminated by facets that 
expose different crystallographic planes. Due to the selective adhesion of 
surfactant molecules to specific facets, different growth kinetics of crystal facets 
occurs, facilitating the growth of highly anisotropic structures such as rods, 
tetrapods, tear-drops, arrow-like and disc-like structures.
40,41
 This is usually 
achieved by mixtures of different surfactant molecules which have different 
binding affinities for different facets of an initially isotropic crystal. Growth is 
suppressed on facets where binding affinity with the surfactant is strong and takes 
place primarily on facets where the binding affinity of the surfactant is weak. 
Branching to tetrapods can occur when four facets in a tetrahedral arrangement 
support the heterogeneous growth of another material. To date, the synthesis of 















 are known.  
1.2.2.1 Different methods for the synthesis of the branched structures:  
In general anisotropic structures can be wet-chemically synthesized via following 
different methods:  
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 A one pot hot-injection method where the growth of anisotropic tetrapods 
is achieved in a single reaction pot starting with the nucleation of zinc 
blende seeds, followed by the growth of four arms in the wurtzite phase.
46
  
 A two-step hot-injection process where shell material is co-injected along 
with pre-synthesized cores. This is often called the „seeded approach‟. 38b 
 Oriented attachment where  individual nanoparticles attach and fuse along 
identical crystal faces forming oriented chains
49-52
 
 Solution-liquid-solid (SLS) techniques of nanowires53-56 
  where involves the different growth stages are analogous to the well-
known vapor-liquid-solid (VLS) growth technique.
49
 
From the abovementioned synthesis techniques, the one which perhaps affords the 
highest degree of morphological control is the seeded growth approach given that 
it circumvents the need for homogeneous nucleation. While this is also true in the 
case of oriented attachment, the number of particles per chain typically has a wide 
statistical distribution and the resulting rod-like chains have widely differing 
lengths. Hence this thesis will be focused on the seeded approach, which is 
discussed further in a later section. 
1.2.2.2 Multicomponent seeded core shell tetrapods synthesis:  
As mentioned earlier, tetrapods whose arms are of a different material than the 
branch point (core) can exhibit unique optoelectronic properties. A recent thrust in 
the field of colloidal semiconductor QDs is the ability to incorporate various 
multicomponent materials within a single nanostructure. The combined properties 
of these different components opens up new opportunities for manipulating wave 
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functions, spins, and other physicochemical properties.
57-59
 It is important 
























Figure 1.9. (a) Schematic of the seeded approach synthesis of core shell tetrapods 
(b)-(d) TEM image of CdSe/CdS , CdSe/CdTe, CdTe/CdTe tetrapods. Scale bar is 
100nm. Adapted with permission from ref. 60. 
 
novel functional materials with synergetic properties found in neither of the 
individual constituents, and the choice of these components should be carefully 
evaluated rather than producing a random potpourri of different materials. In this 
thesis we demonstrate the synthesis of multi-component tetrapod structures 
prepared via multi-step seeded approach, which show potentially better 
optoelectronic properties than that of single component materials. Examples of 
such structures are illustrated in Figure 1.9(b-d). 
1.2.2.3 Effects of strain in core/shell semiconductor branched structures 
synthesis:  
 
Heteroepitaxial growth over colloidal particles can be very complex because of 
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as lattice mismatches between the host particle and the new material introduced. 
Furthermore, as mentioned before, surfactant molecules may bind more strongly 
to certain facets of the QD seed particle, and subsequently decreasing their growth 
rates and availability for heteroepitaxial growth on those particular facets, 
regardless of small lattice mismatch. Nevertheless, anisotropic growth can be 
observed even under reaction conditions that would yield isotropic growth. For 
example, it has been experimentally demonstrated for the case of shape 
anisotropic hetero-nanocrystals, such as nanorods, they are able to accommodate 
much larger lattice mismatches (as large as 11%) than concentric structures such 
as spherical core/shell QDs.
45
 The strain has been reduced in the abovementioned 
case primarily due to the periodic formation of stacking faults and dislocations. 
Similarly, for branched core-seeded tetrapods, strain between the core and arms of 
the tetrapod may be alleviated by the same mechanism as in nanorods, thus 
allowing tetrapod structures to be successfully synthesized. 
1.2.3 Exciton dynamics in semiconductor branched structures:  
Multicomponent core/shell branched structures, where a heterojunction is found at 
the interface of two adjoint materials, are found to be more exciting as compared 
to single component QDs where the material composition is uniform across the 
entire particle. Due to differences between the valence band and conduction band 
of the two adjoining materials (also known as energy offsets), different charge 
carrier localization dynamics are observed upon photoexcitation. Three different 
phenomena can be expected to occur at the interface as illustrated in Figure 1.10  
 








Figure 1.10 schematic representations of the three different type of band 
alignments, depending on their conduction and valence band edges in the core 
shell material. The plus and minus signs represent the charge carriers (hole and 
electron, respectively). Adapted with permission from ref. 61. 
 
and are generally known as: Type-I, Type-I1/2 or quasi Type-II and Type-II 
structures. In a Type-I system, the band gap of the core material lies entirely 
within the gap of the other material. As a result, after photoexcitation the electron 
(e
-
) and hole (h
+
) are confined primarily within the core and this results in a direct 
exciton recombination. For the Type-II case, the staggered energy level alignment 
leads to spatial separation of the e- and h+ on different sides of the heterojunction 
and finally, indirect exciton recombination is observed.
61
 The third type of the 
band alignment is Type-I1/2 regime (also known as „„quasi type-II‟‟ regime ) 
where one of the carriers is confined in one of the components, while the other is 
delocalized over the whole structure. As a quasi-type II material, CdSe/CdS 
nanotetrapods possess exciton recombination dynamics as shown in Figure 
1.11(a), in which the color contour represents the wave function visualization and 
how this energy landscape can be suitable to  accommodate excitons in the 
spatially separated CdSe and CdS regions of the same nanoparticle that is  












Figure 1.11 (a) Schematic showing the electron and hole wave functions along 
one arm of the CdSe/CdS tetrapods as the energy levels are calculated with an 
effective mass approach (b-d) Color contour plots of electron and hole wave 
function distributions in. Adapted with permission from ref. 62. 
 
important toward optoelectronic applications
62
 . From Figure 1.11(b-d), it is 
shown that exciton relaxation may cause the exciton to collapse to either the core 
region or the trap region with distribution shown.  
1.2.4 Electronic states in semiconductor branched structures:  
Recently high-performance supercomputing and high-fidelity atomistic methods 
to study the effects of shape on the single-particle electronic states of nanocrystals 
have been reported.
63
 For the simplicity of computational methods, single 
component tetrapods e.g, CdSe has been chosen as a model system. It was found 
that the shape of the semiconductor nanocrystal can be used as an efficient way to 
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control the electronic structures of the nanocrystals. It should be noted that shape 
changing, as compared to size variation (which can be more readily understood 
from quantum confinement arguments), is more complicated and provides a 









Figure 1.12. Electron and hole densities in the conduction and valence band of a 
CdSe tetrapod. The CBn and VBn in the figure stand for conduction-band and 
valence-band states, respectively. (a) CB1 (-2.540), (b) CB2 (-2.362), (c) CB3 (-
2.360), (d) CB4 (-2.334), (e) CB5 (-2.234), (f) CB6 (-2.230), (g) VB1 (-4.821), 
(h) VB2 (-4.897), (i) VB3 (-4.910), (j) VB4 (-4.916), (k) VB5 (-4.950),and (l) 
VB6(-4.999) states. Adapted with permission from ref. 63. 
 
It is asserted that the prototypical tetrapod has tetrahedral (Td) symmetry, and it is 
a tetrahedron with a zinc blende (Zb) crystal core at its center. The tetrahedron 
consists of essentially four wurtzite (Wz) -structure nanorods on the Zb core. 
Because of the unique symmetry of the tetrapod, electrons and holes are localized 
at different parts of the nanoparticle (as seen in Figure 1.12). The localization of 
the electronic states has significant implications on the device applications of the 
tetrapod where charge separation is required. The importance of this study is that 
charge separation could be achieved using the same material with two different 
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crystal structures as they possess slightly staggered band alignment as shown in 







Figure1.13 (c) The difference in energy levels between bulk WZ and ZB CdSe is 
clearly demonstrated. Adapted with permission from ref. 63. 
 
WZ/ZB tetrapods structure makes it a good candidate for applications requiring 
separation of charges and also provides insights into how nanoparticle shape can 
be used to engineer electronic states and how these states can be exploited in 
different applications. 
1.2.5 On the epitaxial growth of anisotropic colloidal QDs: 
 
The growth of an anisotropic semiconductor system can be understood from the 
point view of the CdSe nanorod growth mechanism which has been studied 
extensively.
64
 It has been found that the growth on the Se terminated polar facets 
of a nanorod or QDs is faster than on the Cd terminated polar facets, both under 
homo- and hetero-epitaxial growth conditions.
37b,65,66
 It can also be established for 
a core shell system, such as a CdSe seeded CdS nanorod system, that during the 
growth of the CdS rod-like shell on CdSe QDs seed, the volume increment in one 
direction of the growth axis is 6–9 times larger than in the opposite direction, so 
that the core QD eventually ends up closer to one side of the rod.
65,67
 This can be 
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explained by the selective adhesion model. In this model, the growth in the c-










Figure 1.14: Schematic diagrams show the possible growth mechanism of CdSe 
nanorods, explaining the fact that the growth rates are faster on the Se terminated 
tips. The intrinsic dipole moment direction is shown with the arrow. Adapted with 
permission from ref. 64. 
 
adhesion of the surfactants stabilizes the non-polar side facets more and hinders 
diffusion of the precursors and/or monomers to the side facets. However, this 
model has its limitation and could not explain the differences between the growth 
rates of the Se (00-1) and Cd (001) facets, assuming the growth proceeds by 
incorporation of atomic units. This would convert a Se polar facet into a Cd polar 
facet, and vice-versa, that would cause the growth rates to be similar on both 
sides, in contrast with experimental observations. This discrepancy can be 
resolved by considering that the growth proceeds by addition of CdSe units rather 
than atomic species as described Figure 1.14. The attachment of the CdSe units is 
directed by the dipole moment of the QDs, which would prevent the reversal in 
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the composition of the facets. The abovementioned mechanism can be further 
applied to the tetrapod system, where four arms grow simultaneously instead of 
one. 
1.2.6 Challenges in the synthesis of highly monodisperse core/ shell branched 
structures: 
 
As described above, to date, the use of colloidal semiconductor tetrapods in single 
electron transistors
34
 and solution-processed photovoltaics
30-33
 have been reported. 
Unlike their more widely studied spherical counterparts, the physical proportions 
of semiconductor tetrapods cannot be ascribed to a single parameter such as 
nanoparticle radius. Factors such as branch yield and arm dimensions are needed 
to define shape monodispersity. Consequently, the ability to obtain a high degree 
of synthetic control over the size and shape of tetrapods requires a very detailed 
understanding of an expectedly complex synthetic parameter space, which 
presently remains elusive. In this thesis, we investigate the effect of key 
parameters, such as nature of the surface capping ligand and its amount, 
temperature, along with the role of surfactants such as n-trioctylphosphine sulfide 
(TOPS), to achieve a high yield of CdSe/CdS tetrapods with high uniformity in 
terms of both shape and size distribution. After standardization of the reaction 
conditions, along with an optimum combination of two new surface ligands, n-
octadecylphosphonic acid (ODPA) and oleic acid (OL), we are able to get above 
90% yield and a high degree of monodispersity without post synthetic 
modification. We extended this synthesis technique of CdSe seeded CdS tetrapods 
and found optimum conditions for other combinations of core seeded tetrapods 
such as CdSe seeded CdTe, CdTe seeded CdTe, CdTe seeded CdSe tetrapods. 
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Other combinations of heterostructured tetrapods such PbSe seeded PbS and CuSe 
seeded CuS were synthesized via cation exchange routes since such structures 
were not amenable to the conventionally used hot injection method. 
1.2.7 Hybrid metal- branched semiconductor composites: 
 
1.2.7.1 Overview of metal-branched semiconductors nanocrystals and its 
importance: 
 
 There has been in recent times a great interest in metal-hybrid semiconductor 
nanoparticles. The main reasons are because they are promising nanoscale 
composite materials which potentially exhibit both the physical and chemical 
characteristics of both the individual metal and semiconductor or display unique 
properties not seen in either component.
68
 These hybrid materials can potentially 
be exploited for a number of applications which previously could not be 
addressed by semiconductor-only particles. For instance, directed assembly of 
gold tipped semiconductor nanorods where the gold tips act as both a means to 
initiate directed assembly as well as serve as electrical contacts.
69
 Additionally, 
metal tipped semiconductors were also found to be good for photocatalysis as 
shown by Banin et al, where redox-based reactions were enhanced by the fact that 
photo-generated charges in the semiconductor component could be transferred to 
the metal tip
70
 Such hybrid nanostructures combine different material components 
into a single nanoparticle, and provides a powerful strategy for modifying 
nanoparticle properties. Colloidal metal-tipped semiconductor hybrid 
nanomaterials were first realized by Banin‟s group in 2004, where they 
demonstrated that gold nanocrystals preferentially nucleate and grow at the tips of 
CdSe and CdS nanorods rather than at the sides of the nanorods.
71
 Figure 1.15 
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demonstrates the selective growth of gold at room temperature onto the tips of 




















Figure 1.15. (a) TEM images show the controlled growth of one tipped gold on 
CdSe nanorods. (,b) With the help of gold concentration, both end dumb-bell 
shape on the same rod can be achieved. (c,d) shows the HRTEM images of a 




 “nanodumbbells”. By such a synthetic procedure, the incorporation of two or 
more different materials into a single system is achieved.
72 
Strong electronic 
coupling between the CdSe nanorod and the gold nanoparticle at its tip causes 
severe fluorescence quenching, and such metal-semiconductor nanorods generally 
exhibit nearly  no fluorescence at all. 
 1.2.7.2 Challenges in selective metal deposition on branched structures: 
The topologically site selective metal deposition on semiconductor nanorods has 
been achieved with respect to tuning the metal concentration.
72
 This may be 
understood by the fact that the reactivity of the two facets at the ends of the 
nanorod are very different, as illustrated in Figure 1.17 The hierarchical order of 
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free energy barriers to nucleation at different sites of the nanorod implies that 









Figure 1.16. TEM images shows the uncontrolled growth of gold onto the tips of 
hyperbranched CdTe particles. Adapted with permission from ref. 73.  
 
In the case of branched structures such as tetrapods, previous efforts showed that 
only random deposition was achieved
73
, and prior to our own work the selective 
deposition of metal on colloidal branched structures was to the best of our 
knowledge not reported. Figure 1.16 below shows the growth of Au nanoparticles 
on hyperbranched CdTe nanoparticles, where it is seen that random aggregates of 
Au are deposited throughout the semiconductor structure. There is clearly no 
topological selectivity in terms of Au growth on the semiconductor structure in 
this case. The main hurdle to the selective deposition at the tips of branched 
tetrapod nanostructures can be understood from considering the reactivities of the 
tips of the tetrapods. It was found that in the case of CdSe tetrapods, each of the 
four tips have essentially the same facet composition and therefore equivalent 
reactivity (anion rich),
46
 making selective deposition at any one tip extremely 
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difficult. It may be hypothesized that for CdSe seeded CdS tetrapods the tips 
which are S-rich would also exhibit similar chemical equivalence (Figure 1.17b) 





Figure 1.17(a) Schematic shows the difference in reactivity of CdSe seeded CdS 
rod (b) On the other hand CdSe seeded CdS tetrpods all four tips shows similar 
reactivity. 
 
Due to the essentially symmetric reactivity at all four tips of the tetrapod, a 
difficult synthetic challenge is how to achieve selective metal deposition at a 
single tip instead of a random distribution of particles at the tips of each tetrapod. 
In this thesis, we address this problem by fine tuning the shape of the tetrapods 
with the use of a judicious combination of surfactants that allow for the 
fabrication of tetrapods with cone-like arms. We also demonstrated that such 
unique structures allow for the sole deposition of Au at one of the tetrapod tips. 
Hierarchical complexity can subsequently be built-up by depositing a secondary 
material onto the other three tips, resulting in tetrapods with asymmetric contacts 
of well-defined stoichiometry. This topological selective deposition of more than 
one material is thus demonstrated for the first time in colloidal semiconductor 
tetrapods structures. 
a) b) 
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1.2.8 Optoelectronic applications of anisotropic colloidal semiconductor 
quantum dots: 
Due to the various advantages of anisotropic semiconductor nanostructures that 
were discussed in the previous section, various efforts by a number of research 
groups have been made to exploit such structures for device applications. An 
early example found in literature was on 1-dimensional semiconductor CdSe 
nanorods by Huynh et al, 1999, 2002.
74,75
 The use of these nanorods had the 
advantage over spherical QDs in the sense that they provided an increased number 






Figure 1.18 Schematic of the hybrid solar cell with the use of CdSe tetrpods, it 
also shows how charge separation occurrs in the CdSe tetrapods. Adapted with 
permission from ref. 30.  
 
distance because of their high mobility along the long axis of the nanorods. 
Polymers such as P3HT are then mixed together with nanorods because of their 
high hole transport ability. The band alignment between the semiconductor 
nanorod and polymer should ideally form a Type II interface with electrons 
retained in the semiconductor and holes transferred to the polymer matrix. Via 
this strategy, Huynh et al was able to achieve a solar cell efficiency of ~1.7%, 
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which was a breakthrough milestone for colloidal QD based solar cells at the 
time.  Given the success obtained using nanorod-based systems based on higher 
charge percolation pathways as compared with spherical QDs, a natural extension 
of this premise is the use of tetrapods whose branched architecture should provide 
for an even greater number of charge percolation pathways. Additionally, the high 
absorption cross section of tetrapods relative to nanorods and spherical QDs make 
them particularly suitable for applications centered on photon-capture. Due to 
these abovementioned properties, Sun et al utilized CdSe tetrapods as the active 
material for solar cell applications as shown in Figure 1.18, achieving an 
efficiency of 1.8%.
30
 Further progress was made by Smita Dayal et.al
76
 who 
achieved ~ 3% efficiency with a CdSe tetrapod / polymer blend. Recently, Manna 
et al used unique colloidal type-II tetrapod nanocrystal heterostructures, in which 
charge separation is favored due to its band alignment between the core and arms 
of the tetrapod, achieving an efficiency of ~ 0.62%.
77
 After understanding the 
usefulness of the tetrpods structures, and reduced graphene oxide as a for high 
charge conduction in this thesis, chapter 5, we will demonstrated a unique high 
performance hybrid solar cell made with Type-II CdSe/CdTe tetrapods mixed 
with RGO and polymer with power conversion efficiency around 3.3%. 
It should also be highlighted that semiconductor materials that can absorb light in 
the near infrared (NIR) range ( > 1100 nm) where silicon yields poor 
photoresponse, are of great potential interest in photo-detection and image-
capture. Indeed, photodetection at near-infrared (NIR) wavelengths is becoming 
increasingly important due to its use in a growing number of applications such as 
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optical tomography,
78




. Owing to their 
salient physicochemical properties such as solution processability and size-
tunable absorption wavelengths, NC-based IR photodetectors have in recent years 
been a very active area of research.
 







84  HgTe,85 , and pyrite FeS2,
86 
 have been explored as the active 
material in photodetectors of various architectures. Amongst these materials 
explored, PbS and PbSe quantum dots are capable of attaining some of the highest 
NC-based IR detection efficiencies to date due to long carrier lifetimes of ~ 0.1-1 
µs caused by fortuitous shallow surface traps that facilitate charge separation and 
inhibit recombination.
87
 We hypothesized that PbSe/PbS tetrapods would 
potentially be an even better candidate for photodetection compared with their 
spherical QD analogues due to their larger absorption cross sections, branched 
architecture which permits charge percoloation and possibly longer carrier 
lifetime compared to PbS QDs due to the Type II alignment between PbSe and 
PbS. We describe in Chapter 4 our exploration of this hypothesis and the 
application of PbSe/PbS tetrapods in solution processed NIR photodetectors. 
1.3 Thesis outline 
Chapter 2 explores a new approach for the synthesis of highly monodisperse  
CdSe seeded CdS tetrapods which is achieved by combination of new surface 
capping ligands. We introduce a new ligand, oleic acid which helps to stabilize 
the zinc blende phase of the CdSe and facilities the high yield of the tetrapod‟s. 
The effect of temperature and amount of the surface capping ligand and role of 
TOPS to the polytipisam also investigated. We extend these ideas to other system 
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like CdSe seeded CdTe tetrapods, and obtain high yield without psot synthetic 
modiciation. We then demonstrate a new combination of core shell tetrapods such 
as CuSe seeded CuS and PbSe seeded PbS via the cation excahneg route with 
high monodispersity and yiled, that could not be achived via hot injectiom 
methods. 
Chapter 3, we describe a surfactant-driven method to synthesize highly 
monodisperse CdSe-seeded CdS nanoheterostructures with conelike, tapered 
geometries in order to examine the effects of shape on the location-specific 
deposition of Au under ambient conditions. Although preferential metal 
deposition at surface defect sites are generally expected, we found suprisingly that 
Au growth at the side facets of tapered linear and branched structures was 
significantly suppressed. Further investigation revealed this to be due to a highly 
efficient electrochemical Ostwald ripening process is the main factor behinds this. 
We exploited this phenomenon to fabricate uniform asymmetrically tipped CdSe-
seeded CdS tetrapods with conelike arms, where a solitary large Au tip is found 
on one of the arms while the other three arms bear Ag2S tips.  
In Chapter 4, we present a simple lateral drop casted photodetector device using 
PbSe seeded PbS tetrapods. Without any ligand-exchange or high temperature 
annealing steps which are typically used to enhance the efficiency of QD-based 
photodetectors, we found that the tetrapod-based device was able to achieve very 
high currents of ~ 5 µA at +5 V, a large gain of ~ 8.92×10
5
, and a responsitivty of 
nearly 5810, which is amongst the highest ever achieved for QD-based NIR 
photodetectors. The response time was found to be 0.1 ms, which is limited by the 
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time resolution of our measuring apparatus. We present a possible mechanism for 
the current vs voltage behavior in terms of a space-charge limited model. Finally, 
we demonstrate that these PbSe seeded PbS tetrapod based photodetector shows 
relatively good response under white light illumination, attesting to its utility 
under more practical settings. 
In Chapter 5, we demonstrated a unique high performance hybrid solar cell made 
with Type-II CdSe/CdTe tetrapods mixed with RGO and polymer. We employed 
RGO, due to its large surface area which helps to behave like a conductive 
scaffold to furnish the continuous charge transportation plane for CdSe/CdTe 
tetrapods. High yield (90%) of Tetrapodal structure was obtained with a new 
combination of ligands, which is one of the key factors regarding the assembly of 
it onto the RGO surface.  By simply mixing the CdSe/CdTe tetrapods attached 
RGO with polymer as a single photoactive layer, the power conversion efficiency 
(PCE) obtained showed at least a twofold increment over either polymer-RGO, 
polymer-nanocrystal or RGO-nanocrystal devices and the PCE was able to reach 
as high as 3.3%.  
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2.1: Introduction: 
Wet chemically synthesized branched semiconductor nanostructures such as 
tetrapods are promising materials for optoelectronics due to their chemical 
processability, relatively large absorption cross-sections and enhanced charge 
transport through the increased percolation pathways afforded by their arms.
1
 To 





have been reported, along with studies on 
their electro-mechanical stability using conductive Atomic Force Microscopy 
(AFM)
4
. Additionally, unique nonlinear optical properties such as dual 
wavelength emission were obtained in heterostructured tetrapods, where the core 
and the arms of the tetrapod were found to independently support quantum 
confined radiative transitions.
5
 These salient optical and electronic properties of 
tetrapods have collectively fueled recent interest in the development of better 
synthetic schemes to obtain tetrapods in high yield and size monodispersity.
6
 
Unlike their more widely studied spherical counterparts, the physical proportions 
of semiconductor tetrapods cannot be ascribed by a single parameter such as 
nanoparticle radius; Additional parameters such as branch yield and arm 
dimensions are needed to define shape monodispersity. Consequently, the ability 
to obtain a high degree of synthetic control over the size and shape of tetrapods 
requires a detailed understanding of expectedly complex synthetic parameters, 
6 
which currently remains elusive. There are essentially two strategies for the 
synthesis of tetrapods: the single-stage (or ‘‘one-pot’’) approach and the 
multistage seeded growth approach. Branching in colloidally synthesized 
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semiconductor tetrapods are due to the occurrence of polytypism, where the 










Figure 2.1 (a) A HRTEM image of a CdSe tetrapod, with the fourth arm pointing 
towards us.(b) A two-dimensional representation showing the structure of a 
tetrapod. The nuclei are zinc blende, with wurtzite arms growing out of each of 
the four (111)-equivalent faces. (c,d) one pot synthesis of CdTe tetrapods with zb 
core and wurtzite arm. Adapted with permission from ref. 7. 
 
interface is also known as the branch point as described by Manna et.al (Figure 
2.1), who first reported the synthesis of CdSe and CdTe tetrapods.
7
 The synthesis 
of monodisperse cadmium chalcogenide branched nanomaterials facilitated by 
polytypsim is non-straightforward because of the need for delicate balance 
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growth of multiple arms due to the presence of eight (111) surface facets)
7
, and 
wurtzite arm growth. The successful synthesis of tetrapods thus requires a 
judicious choice of reaction temperatures, growth times, a relatively high 
concentration of precursors and suitable surfactants. A typical procedure for 
synthesizing tetrapods is via the sequential addition of precursors of the different 
components into the same reaction flask. Although this approach may be 
appealing for its convenience, synthetic control of the resulting tetrapods is often 
poor. Another concern about this process is the uncontrolled interfacial alloying. 
This alloying process is usually unavoidable in a single-stage synthesis due to the 
excess monomers from the preceding reaction that may still exist in significant 
quantity when the next reaction is started. On the other hand, two pot seeded 
growth is more controlled as the need for nucleation sites are obviated.
6a
 This 
approach is highly versatile and provides several advantages over the single-stage 
strategy: 1. The addition of preformed nuclei to the reaction mixture (i.e., seeded 
growth) is a very effective way of separating nucleation and growth, and leads to 
a better control over the growth stage (see schematic in Figure 2.2a). 2. Different 
conditions can be used to grow different kind of tetrapods. Therefore, the targeted 
synthesis of complex multicomponent tetrapods, in which QDs of different 
composition and shape are sequentially combined, becomes possible. 3. The seeds 
can be subjected to post synthetic processing (e.g. purification, size-selection, 
ligand exchange or annealing) which can be used to improve the quality of the 
seeds and allow surface manipulation. This is a key advantage, as the seed 
characteristics have a decisive impact on the growth kinetics and the final shape 
Chapter 2: Synthesis of Branched semiconductor Nanocrystal                42 
of the tetrapods. 4. The hetero interface is better controlled since the possibility of 
unintentional interfacial alloying is almost eliminated provided that the 
temperature is low enough and the excess unreacted precursors have been 
removed from the surface of the seed QDs In Figure 2b, different factors 









Figure 2.2. (a) Schematic representation of the seeded growth approach for the 
tetrapod synthesis. (b) describes the different factors involved in the synthesis. 
 
This technique has been successfully used to obtain tetrapods with well-defined 
length and diameter for a number of compositions such as CdSe seeded CdS and 
CdSe seeded CdTe . While it was previously suggested that CdSe seeded CdS 
tetrapods are amongst the most efficient light-harvesting systems and brightest 
single particle emitters
6a
, a good understanding of its synthesis parameter space is 
b) 
a) 
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still lacking. Unlike in the case of nanorods,
8
 defining size and shape 
monodispersity in tetrapods is less straightforward, and where structural 
parameters such as yield and arm dimensions become relevant. Though core/shell 
tetrapods achieved via the seeded approach was introduced independently by the 
groups of Alivisatos and Manna in 2007,
6a,b
 the ability to obtain high yields and 
size monodispersity was still very much lacking, and the average yield of 
tetrapods in their work was allegedly ~70-80%. It should be noted that yield in 
this case refers to the percentage of branched particles with 4 arms arranged in a 
tetrahedral geometry out of all individual particles present. Thus particles with 3 
arms or less are not considered tetrapods and do not contribute to the yield. 
To achieve high yield of CdSe/CdS tetrapods with high monodispersity in shape 
and size, three main parameters that are addressed by this thesis are the optimum 
reaction temperature for the phase stability of the core and the reactivity of the 
metal precursors, choice and amount of surface capping ligand and the effect of 
precursor as a possible capping group. After standardization of reaction 
conditions along with an optimum combination of newly introduced surface 
ligands, n-hexylphosphonic acid (HPA), n-octadecylphosphonic acid (ODPA) and 
oleic acid (OL), we were able to achieve synthesis yields around 95% without 
post synthetic modification. We found that the shape of the tetrapod arms can be 
tuned in terms of both of its growth axes by varying the surface capping ligand 
and the precursor concentration during the growth of the nanocrystal. This 
parameter control is not as trivial as in the case of nanorods and will be invaluable 
towards the introduction of tetrapods to new applications requiring highly uniform 
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tetrapods with large aspect ratio arm dimensions. It is foreseeable that such 
tetrapods may find new utility as multi-wavelength chromophores, optical gain 
media or as the active component in solution processed optoelectronics. The 
synthetic technique developed for CdSe seeded CdS tetrapods was then extended 
to other systems such as CdSe seeded CdTe and CdTe seeded CdTe (essentially 
CdTe only) tetrapods.  
2.2 Experimental section: 
Chemicals:  
Cadmium acetylacetonate (Cd(acac)2, 99.9%), cadmium oxide (CdO, 99.5%), 
cadmium acetate ( Cd(ac)2, 99.99%) dodecylamine (DDA, 98%), potassium 
gold(III) chloride (KAuCl4, 99.9%), 1,2-hexadecanediol (HDDO, 90%), 1-
hexadecylamine (HDA , 90%), 1-octadecene (ODE, 90%), sulfur (S, reagent 
grade), selenium (Se, 99.99%), Stearic acid (SA, 98.5%), oleic acid (OA, 90%), 
myristic acid (MA, 99 %), trioctylphosphine oxide (TOPO,  90%)  Tetrakis 
(acetonitrile)copper(I) hexafluorophosphate (97%), Lead(II)acetate trihydrate 
(99.999% trace metal basis), 1-Octadecene (90%) and Oleic acid (90%) and 
oleylamine (technical grade, 70%) were purchased from Sigma Aldrich. 
Trioctylphosphine (TOP, 97%) was purchased from Alfa Aesar. 
Diisooctylphosphinic acid (DIPA, 90%) was purchased from Fluka. n-
octadecylphosphonic acid (ODPA, 97%), trioctylphosphine oxide (TOPO, 99%) 
and n-hexylphosphonic acid (HPA, 97%) were purchased from Strem. All 
chemicals were used without further purification. 
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Synthesis of spherical Zinc Blende CdSe seeds: 
Nearly monodispersed zb-CdSe nanocrystals (NCs) were synthesized via a 
previously reported method
 9
 ( see reaction process in Figure 2.3 a).  In a 50 mL 









Figure 2.3. (a) Schematic representation of the Zb CdSe synthesis ,(b) Typical low 
resulation TEM image of the as-synthesized zb-CdSe, drop casted on the TEM grid.(b) 
Absorption (solid line) and PL (dotted line) spectra of toluene solutions of ~ 3 nm 
diameter zb-CdSe seeds.  (d) Corresponding XRD data of zb-CdSe cores from (a). The 
vertical bars are referenced to PCPDS file No. 88-2346. 
 
1-ODE were degassed at 90 
o
C for about 1hr. The solution was then heated to 250 
o
C for ~10-15 min to yield a clear solution, followed by the addition of 12 mL of 
ODE before cooling to 90 
o
C to degas for another 1 hr.  Upon cooling to room 
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to the reaction mixture and degassed at 50 
o
C for ~20 minutes. Upon heating to 
240
o
C under N2, a color change from colorless to yellow at ~150 
o
C and then to 
orange-red color upon reaching 240 
o
C were observed, signifying the formation of 
zb-CdSe nuclei. A degassed mixture of 0.5 mL oleic acid and 0.5 mL oleylamine 
in  2 mL of 1-ODE was subsequently added dropwise to the reaction mixture. As 
a guideline, the growth time for a ~ 4 nm diameter NC was approximately 2 hr 
(see the TEM Figure 2.3 b). As-synthesized zb-CdSe NCs were precipitated out 
from the growth solution by adding acetone, and were subsequently allowed to 
undergo two more cycles of re-dispersion and precipitation in toluene and 
methanol respectively.The abosrption and emmission of the processed zb-CdSe 
disolved in tolune shwon in Figure 2.3 (c) and also characterized with XRD and 
matcing with reported zb-CdSe crytsal strutures (shown in Figure 2.3d). 
Preparation of stock solution of CdSe seeds:  
Processed Zb CdSe QDs were dispersed in a minimum amount of toluene and 
theirconcentration was determined by measuring their absorbance at 350 nm, 
whose molar absorptivity is known.
10
 The toluene was then removed under 
vacuum and TOP was added to make up a QD concentration of 100 µM. This 
mixture will subsequently be referred to as the zb- CdSe or CDTe stock solution. 
Synthesis of CdSe seeded CdS Tetrapods: 
Rod-like and tetrapod-like CdSe seeded CdS heterostructures were synthesized, 
with slight modifications, via the seeded growth approach.
6b
 Briefly, 2.65g TOPO 
(99%), 0.05175 g CdO, and a mixture of ligands  were degassed at 150 °C for 
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about 1.5 h in a 50 mL three-neck round bottom flask. The reaction mixture was 
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350 10 
 
Table 2.1: Details of Synthesis of different arm and diameter of the CdSe seeded 
CdS Tetrapods: 
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brown to colorless. Separately, a mixture of S, TOP and CdSe seeds was derived 
by first dissolving a predetermined amount of S in TOP at 50°C before adding 25 
µL of the appropriate CdSe stock solution. Upon reaching the desired injection 
temperature 350 °C, an additional 1.8 mL of TOP was added, and the temperature 
was allowed to recover to 350 °C before the mixture of S, TOP and CdSe was 
swiftly injected. The temperature was again allowed to recover to 350 °C and the 
anisotropic CdS arm was grown at this temperature for 10 minutes. The heating 
mantle was then removed and the solution was allowed to cool to 80 °C. As-
synthesized CdSe seeded CdS tetrapods were then processed by repeated cycles 
of precipitation in methanol and re-dispersion in toluene. A crude approximation 
of the concentration of the processed CdSe seeded CdS structures was determined 
using a previously reported procedure.
6a
 
Synthesis of CdSe seeded CdTe tetrapods: 
These core shell tetrapods were synthesized modified methods of previously 
reported.
6b 
For a typical synthesis of heterostructured tetrapods, 99% TOPO (3.0 
g), ODPA (0.250 g), HPA (0.080 g), Oleic acid 0.5 ml and CdO (0.060 g) were 
mixed in a 50 mL flask. After the flask was pumped to vacuum for ∼1 h at 150 
°C, the resulting solution was heated to 320°C  under nitrogen to yield a colorless, 
clear solution. At this point, 1.8 mL of TOP was injected in the flask, and the 
temperature was allowed to recover to the value required for the synthesis. The 
solution of precursors plus nanocrystal seeds was prepared by mixing a specified 
amount of tellurium stock solution with the solution of nanocrystal seeds (around 
20 µL CdTe). This solution was quickly injected into the flask, and then the 
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system was allowed to react for a given time. The final sample was washed by 
repeated precipitation via addition of methanol and re-dissolution in toluene. 
Structural characterization:  
Transmission Electron Microscopy: 
A JEOL JEM 1220F (100 kV accelerating voltage) or JEOL 2100 (200 kV 
accelerating voltage) microscope was used to obtain bright field TEM images of 
the nanoparticles respectively. For TEM measurements, a drop of the nanoparticle 
solution was placed onto a 300 mesh size copper grid covered with a continuous 
carbon film. Excess solution was removed by an adsorbent paper and the sample 
was dried at room temperature. The High-Resolution TEM images, High-Angle 
Annular Dark Field Scanning-TEM (HAADF-STEM) studies and detailed 
elemental composition analysis were carried out on a FEI Titan 80-300 electron 
microscope operated at 300 KV, which is equipped with an electron beam 
monochromator, an energy dispersive X-ray spectroscopy (EDX) and a Gatan 
electron energy loss spectrometer. The probing electron beam size for the EDX 
measurement was around 0.3 nm, with a dwell time of ~10 s for each EDX 
spectrum.  
XRD Characterization: 
X-ray Diffraction (XRD) data was obtained with a diffractometer (Bruker AXS, 
GADDS) using Cu-Kα radiation (λ=1.540598Å) in the range of 20˚ to 80˚. 
Samples were prepared on a clean silicon wafer by placing drops of concentrated 
nanoparticles in toluene on the silicon surface and dried at 80˚C in the oven. This 
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was repeated several times until a thin layer of solid was formed on the silicon 
substrate. 
Optical characterization:  
UV-visible absorption spectra were obtained with an Agilent 8453 UV-Visible 
spectrophotometer. Photoluminescence (PL) spectra were collected with a 
Shimadzu RF-5301PC Spectrofluorophotometer. Care was taken to ensure that 
the concentrations of the core and core-seeded nanostructures were sufficiently 
dilute to avoid contributions from re-absorption or energy transfer. 
2.3: Result and Discussion:   
2.3.1: Maximizing the yield of CdSe seeded CdS tetrapods: 
To achieve a high synthetic yield of tetrapods, it is crucial that phase purity of the 
zb seed is maintained during arm growth. For the case of bulk zb-CdSe, the 
energy difference between the w- and zb-CdSe phase is only 1.4 meV/atom
12
. As 
a result, zb-CdSe seeds can be partially converted to the wurtzite (W) phase 
during reaction at elevated reaction temperatures. It is known that CdS growth on 
w-CdSe exhibits unidirectional growth, and thus nanorods would be formed 
instead of tetrapods as shown in Figure 2.4. The purity of the zb-phase is difficult 
to maintain because of two main reasons i.e. the need for high reaction 
temperature and the use of different capping ligands that can induce phase 
changes. In the former, an elevated temperature is required for precursor 
breakdown as well as to achieve a significant arm growth rate. This can 
drastically affect the phase of zb-CdSe, which is the less thermodynamically 
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stable state of CdSe, and conversion to wurtzite takes place spontaneously. In the 
latter, the use of certain surface capping ligands such as octadecylphosphonic acid 
Figure 2.4. Schematic representation of the necessity of core phase purity during 
the seeded growth approach. 
 
(ODPA) which facilitates anisotropic growth can also alter the phase purity of the 
seeds.
11
 Thus, to achieve high yield CdSe seeded CdS tetrapods, the problems 
associated with the use of high temperature and certain surface capping ligands 
have to be mitigated. The following section will discuss how the undesirable 
consequences of each of these factors may be minimized in order to maximize the 
yield of the tetrapods. 
2.3.1.1: Effect of temperature:  
Synthesis of core/shell nano tetrapods requires an optimum temperature where the 
zinc blend phase of the core CdSe should retain their phase purity and 
subsequently allows for the Cd and S precursors to initiate nucleation and growth. 
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To understand the effect of temperature on the synthesis of CdSe seeded CdS 
tetrapods, we performed experiments with different growth temperatures, as 
shown in Figure 2.5. In a typical synthesis, a degassed solution made of CdO, 
mixtures of phosphonic acids and TOPO was heated to a pre-determined 
temperature before zb-CdSe along with TOPS and TOP were injected to induce 
CdS arm growth on the CdSe seed. Injection temperatures ranging from 250 to 
350 deg C were studied and from careful analysis of the corresponding TEM 
images, it was concluded that the highest yield of tetrapods was achieved at an 
injection temperature of 320 
o
C. At injection temperatures of 250
 o
C and 350 
o
C 
respectively, spherical core/shell dots and monodisperse rods were exclusively 
obtained. These experimental results suggest that high temperature may alter the 
phase purity from zb to w as evidenced by the formation of monodisperse 
nanorods. This observation may be understood from the temperature effects on zb 
CdSe, where high temperature can alter the zb phase to the more 
thermodynamically stable w phase as suggested by the 1.4meV/atom energy 
difference between two phases of bulk CdSe.
12
 Indeed, it was reported for bulk 
CdSe that a temperature of around 95 
o
C was sufficient to induce transformation 




C was required for ~3 nm sized nanocrystalline 
zb-CdSe powder to be converted to the w phase.
14
 Recently, Talapin et al showed 
that CdSe QDs in trioctylphosphine oxide (TOPO) can undergo phase change at 




It may thus be concluded that an injection 
temperature above 320 
o
C is not suitable for tetrapod synthesis as the phase purity 
of the zb CdSe seed will be perturbed. In contrast to the high temperature 
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synthesis which predominantly resulted in monodispersed nanorods, spherical 
core/shell dots, instead of tetrapods, were observed at an injection temperature of 
250 
o
C even though the low temperature should not result in a phase change from 











Figure 2.5. TEM images exemplifying the decrease  in the yield of tetrapods 









C. Spherical dots was observed in the case (a). 
 
This finding is consistent with the monomer-concentration-dependent growth 
model where a low monomer concentration yields spherical particles while 
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achieve extremely high monomer concentrations, a fast decomposition rate of the 
Cd precursor is required, which necessitates the use of high reaction temperatures 
as the Cd-alkylphosphonate complex is relatively chemically stable.
16
 Thus, the 
spherical core/shell dots obtained upon the injection temperature at 250 
o
C may be 
due to low monomer concentration at that temperature. From the discussion 
above, it may be inferred that a reaction temperature of ~320 
o
C is more optimal 
and was thus employed in order to achieve good control between CdS arm growth 
and the maintaining of the phase purity of zb CdSe. 
 
2.3.1.2: Effect of surface capping ligand:  
The effect of capping ligands was also investigated in order to achieve higher 
levels of monodispersity for CdSe seeded CdS tetrapods. It has been previously 
suggested that crystal structures of CdSe QDs are found to be more affected by 
the nature of the surface capping ligands as compared with the reaction 
temperature.
17
 Recent studies show that the phase transition in CdSe QD is 
surface-driven as different surface capping ligands and their coverage on the 
specific facets of the nanocrystals affect surface relaxation which in turn 




Following this premise, Mahler et al found that fatty carboxylic acids could bind 
onto some facets of zb-CdSe and stabilize its crystal phase
19
. Given this finding, 
we hypothesized that the introduction of fatty acids to the CdSe seeded CdS 
tetrapods synthesis may facilitate higher yields. In order to find out the optimum  
















Figure 2.6 TEM images exemplifying the increasing in the yield of tetrapods 
obtained as the Cd: Oleic acid ratios are varied from (a) 1:1, (b) 1:2, (c) 1:3.  (d) 
1:4 (e) 1:6, (f) is a histogram summarizing the yield of tetrapods as a function of 
the Cd to oleic acid molar ratio while all other parameters are kept constant. The 
sample size in each case is on the order of ~ 300. 
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amount of oleic acid to be added, the amount of oleic acid relative to the cadmium 
precursor was varied, yielding results as shown in Figure 2.6. After careful TEM 
analysis on statistically large numbers of particles for each sample, we concluded 
that the highest yield (72%) was achieved in the case of a 1:4 molar ratio of the 
Cd precursor with respect to oleic acid. As the amount of oleic acid was 
decreased, an increasing yield of nanorods was observed – thus giving a mixture 
of both nanorods and nanotetrapods. In the case of a 1:1 molar ratio of the Cd 
precursor to oleic acid, nearly no tetrapods were observed. This can be explained 
by the minute amount of oleic acid being insufficient to stabilize the zb CdSe 
seeds which subsequently undergo thermal-mediated conversion to w-CdSe, thus 
resulting in the growth of nanorods. On the other hand, the yield of tetrapods 
remained unchanged upon the increment of the amount of oleic acid above a 1:4 
ratio as shown in the Figure 2.6 above. This indicates that the amount of oleic 
acid in a 1:4 ratio is sufficient to stabilize the zb-CdSe during the heterogeneous 
nucleation and growth of the wurtzite CdS arms. Due to the need for the shape-
anisotropic growth of CdSe,
7b,20
 the use of alkylphosphonic acids is inevitable. As 
one of the main constituents in the synthesis, optimization of the alkylphosphonic 
acid amount was paramount to maximize the yield of tetrapods. It was observed 
that the yield of tetrapods were much better upon the introduction of short chain 
alkylphosphonic acids in comparison to its long chain counterparts. This 
observation is consistent with the findings reported by Talapin et al where they 
argued that the chain length of alkylphosphonic acids could influence the phase  
 
















Figure 2.7 TEM images exemplifying the decline in the yield of tetrapods 
obtained as the Cd:HPA ratios are varied from (a) 1:0, (b) 1:1, (c) 1:2.  (d) 1:3 (e) 
1:6, (f) is a histogram summarizing the yield of tetrapods as a function of the Cd 
to HPA molar ratio while all other parameters are kept constant. The sample size 



















































Figure 2.8. TEM images exemplifying the decline in the yield of tetrapods 
obtained as the Cd:ODPA ratios are varied from (a) 1:0.2, (b) 1:0.4, (c) 1:0.6. (d) 
1:1.2 (e) is a histogram summarizing the yield of tetrapods as a function of the Cd 
to ODPA molar ratio while all other parameters are kept constant. The sample 
size in each case is on the order of ~ 300. 
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purity of zb CdSe nanoparticles, and that short chain alkylphosphonic acids could 
stabilize zb-CdSe.
11 
In light of the observations stated above, we limited our 
experiments to short chain alkylphosphonic acids only, i.e. hexylphosphonic acids 
(HPA), in order to optimize the yield of tetrapods as illustrated in Figure 2.7. 
From the TEM image, it was found that a 1:1 molar ratio of Cd precursor to HPA 
gave the maximum tetrapod yield while very high amounts of HPA (1:6 ratio) 
resulted in mostly nanorods. This observation can be understood by the fact that 
high amounts of HPA, being a stronger binder than oleic acid on the CdSe 
surface, can displace the oleic acid but is poorer at stabilizing the zb-CdSe phase 
than oleic acid.  
As briefly mentioned above, reactions employing long chain alkylphosphonic i.e. 
octadecylphosphonic acids (ODPA) afforded poor tetrapod yields as compared to 
HPA in the same molar ratio. Interestingly, a modest yield of tetrapods could still 
be achieved with a significantly lower amount of ODPA with respect to the Cd 
precursor. Since long chain alkylphosphonic acids can destabilize the zb-CdSe 
phase,
11
 the highest tetrapod yield was observed at a 1: 0.2 molar ratio of Cd with 
respect to ODPA. The yield of tetrapods decreased significantly when the 
Cd:ODPA ratio was increased above a ratio of 1:0.6 as shown in the Figure 2.8. 
Similar to the HPA system, these findings may be attributed to the displacement 
of oleic acid by ODPA and thus, resulting in the conversion of zb CdSe to w 
CdSe. 
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2.3.1.3: Effect of TOPS: 
In our efforts to produce high yield tetrapods, we found that in addition to short 
and long-chain alkyl phosphonic acids, the sulfur precursor trioctylphosphine 
sulfide (TOPS) also played a key role in the polytypism of CdSe. As reported in 
literature, the nature of the surface capping ligands affects crystal structures of 
CdSe QDs
17 
and there are reports that TOPS can act as a ligand for CdS 
nanoparticles.
17,21
 This is not surprising given its analogy to TOPSe as a ligand for 
CdSe.
22
  Thus far, however, no study has been carried out on the role of TOPS in 
the stabilization of the zb and w phase of CdSe. For this study, the amount of 
sulfur and therefore TOPS was increased beyond a Cd:S precursor ratio of 1:0.5 
which resulted in a corresponding decrease in tetrapod yield (Figure 2.9). This 
suggests that TOPS can facilitate the conversion of zb- to w-CdSe. Subsequently, 
w-CdSe cores with increasing sulfur-rich precursor ratios resulted in rods with a 
reduced occurrence of multiple arm growth. On the other hand, w-CdSe cores 
exposed to a Cd:S precursor ratio of 1:0.5 yielded fairly monodispersed Y-shaped 
CdSe seeded CdS rods, (Figure 2.10), which is indicative of the co-existence of 
both the w- and zb-CdSe phases within the same nanoparticle.
19
 The w-CdSe 
stabilizing effect seen by exposure to large amounts of TOPS may be attributed to 
its displacement of the weakly binding OL, which stabilizes the zb phase of CdSe, 
leaving the CdSe surface with a larger proportion of alkyl phosphonic acids (HPA 
or ODPA) and TOPS. At high reaction temperature, as well as the combination of 
phosphonic acids (HPA or ODPA)  and TOPS at the CdSe surface, the wurtzite  
 















Figure 2.9. TEM images exemplifying the decline in the yield of tetrapods 
obtained as the Cd:S ratios are varied from (a) 1:0.5, (b) 1:2, (c)1:4 (d) 1:6.  (e) is 
a histogram summarizing the yield of tetrapods as a function of the Cd to S molar 
ratio while all other parameters are kept constant. The sample size in each case is 
on the order of ~ 300. 
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phase is expectedly favored.
11
 In order to really understand the role of TOPS as a 
stabilizing agent for the w-CdSe phase, its role on the polytypism of CdSe should 
be directly confirmed with specialized techniques such as in-situ wide-angle X-
ray scattering (WAXS),
11
 which was unfortunately not readily accessible to us. 
Nevertheless, its effect is likely to be much less pronounced than that of alkyl 
phosphonic acids, since a reduction in the amount of alkyl phosphonic acids 
(HPA or ODPA) relative to OL with w-CdSe cores and excess TOPS resulted in 
rod samples with a much larger occurrence of branching. 
 
Figure 2.10. (a)Y-shaped w-CdSe seeded CdS structures formed when w-CdSe 
seeds were exposed to HPA, ODPA and a Cd:S ratio of 1:0.5. The branching of 
the nanorods may be attributed to the partial conversion of wurtzite to zinc blende 
CdSe, resulting in the co-existence of both phases within the same nanoparticle. 
(b) Resulting CdSe seeded CdS structures when the same reaction conditions as 
(a) were used, except with a Cd: S ratio of ~ 1:6. It is readily seen that the 
occurrence of branching is significantly reduced. 
2.3.1.4: Summary of optimized conditions: 
After a careful study of the different crucial parameters that affect the phase 
purity of the core seed and the uniformity of arm growth, a very high yield of 
around 95% (from TEM) of tetrapods was observed by employing the following  






Figure 2.11. (a) Absorption (solid line) and PL (dotted line) spectra of  toluene 
solutions of ~ 3 nm diameter zb-CdSe seeds.(b) Typical TEM images of as 
synthesized Zb-CdSe/CdS Tetrapods with ~ 30 nm arm length and ~6 nm 
diameter from ~3 nm diameter Zb-CdSe 
 
Figure 2.12. A large scale view of the Low resolution TEM image of the CdSe 
seeded CdS tetrapods. From typical sample sizes of ~500 particles, we deduced 
that the yield of tetrapods for this synthetic strategy generally ranged from 95 % 
on average 
a) b) 
Chapter 2: Synthesis of Branched semiconductor Nanocrystal                64 
precursor ratios - Cd:oleic acid 1:4, Cd:S 2:1, Cd:HPA 1:1 and a 350 
o
C injection 
temperature. The resulting tetrapods are depicted in Figure 2.11 with a large area 
view given in Figure 2.12. 
2.3.2: On the quantum yield of semiconductor tetrapods: 
One particular drawback with an oleic acid based system is that the fluorescence 
efficiency (an important parameter to consider in the applications of tetrapod as 
an emitter) of the resulting tetrapods was 15-20% as compared to the ones 
synthesized in an alkylphosphonic acid system, where quantum yields as high as 
50% was reported.
6a
 This may be due to poor surface passivation afforded by OL 
which is mitigated in the ODPA/HPA system. However, to ensure that a proper 
comparison can be made between the tetrapods synthesized using a OL/HPA 
system and a ODPA/HPA system, the tetrapod yield in the ODPA/HPA system 
must first be optimized to match as closely as possible the synthetic yield of the 
OL/HPA system. With this motivation, the effect of the amount of 
alkylphosphonic acids used on the final tetrapod yield was studied. 
2.3.2.1: Optimizing the amount of alkyl phosphonic acids added:  
From the previous section we have seen that the role of temperature and surface 
ligands towards the phase stability of the zb core are pivotal to obtaining a high 
yield of tetrapods. Since the capping molecules dynamically bind to the crystal 
surface during nucleation and growth, the phase stability of the crystals is highly 
affected by the identity of the capping ligands.
17 
For the alkylphosphonic acid 
based ligands, we observed that the total amount of ligand is very important 
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towards the phase stability of the zb-CdSe seeds as well. An increased yield of 













Figure 2.13.  Change of the tetrapods yield from (a-c) where total ligand ( 
phosphonic acids) amount decreased from 1:4, 1:2 to 1:1 (d) is a histogram 
summarizing the yield of tetrapods as a function of the Cd to total amount of 
ligand ratio while all other parameters are kept constant. The sample size in each 
case is on the order of ~ 300. 
 
acid ligand amount was decreased with respect to Cd, as shown in Figure 2.13. 
Under these reaction conditions, the maximum yield of tetrapods was observed 
when the molar ratio between the total amount of alkylphosphonic ligand and Cd 
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temperatures, regardless of its alkyl chain length, may facilitate the conversion of 
the zb-CdSe core to the more stable w-CdSe phase. 
2.3.2.2:  Optimizing the ratio of short and long chain alkyl phosphonic acids: 
After standardizing the total amount of alkylphosphonic acid ligands, efforts were 
made to optimize the relative ratios of long and short chain alkylphosphonic acids 






Figure 2.14 (a) zb-CdSe seeded CdS tetrapods synthesized using 100% HPA as 
ligands. The yield on average is around 60% with respect to rods, bipods and 
tripods. (b) . zb-CdSe seeded CdS tetrapods synthesized using 100% ODPA as 
ligands, while the yield of tetrapods for this synthetic strategy was generally 
around 15 % on average.   
 
surface ligands used were mostly HPA (90-100% HPA, 10-0% ODPA), the yield 
of tetrapods were very high, at ~ 80% (Figure 2.15). On the other hand, when the 
ratios used were reversed (90-100% ODPA, 10-0% HPA), the formation of 
nanorods was observed instead as shown in Figure 2.14. Based on these 
observations, there is reason to believe that HPA is able to suppress the phase 
transformation of zb-CdSe to w-CdSe. As seen in Figure 2.15, tetrapods 
a) b) 
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synthesized using a mixture of 90% HPA and 10% ODPA resulted in an ~80% 
yield of tetrapods. As illustrated in Figure 2.14(a), despite establishing that HPA 
is beneficial for obtaining high tetrapod yields, the synthetic yield of tetrapods 
synthesized with 100% HPA was not as impressive as the abovementioned result  
Figure 2.15. Large field view of zb-CdSe seeded CdS tetrapods with cylinder-like 
arms synthesized using HPA and ODPA as ligands. The size of the CdSe core is 
~2.6 nm in diameter while the CdS arms are about 6 nm long and ~ 30nm in 
diameter. In order to determine the yield of tetrapods obtained, TEM samples with 
isolated, non-aggregated particles were analyzed. From typical sample sizes of 
~300 particles, we deduced that the yield of tetrapods for this synthetic strategy 
generally ranged from 80 % on average.   
 
of 80%. Interestingly, it was observed that a minute amount of ODPA is required 
for one to obtain better tetrapod yields. Considering the fact that ODPA is able to 
bind onto the (100) facets of the CdS arms more strongly than HPA,
6a
 we 
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hypothesize that ODPA is required to facilitate the continued growth of the CdS 
arms atop the zb-CdSe core. Further experiments would be required to verify this 
hypothesis. 
After achieving a high yield of 80% tetrapods from the ODPA/HPA ligand based 
system, we compared its quantum yield (QY) with that of the HPA/OL ligand 
based tetrapods of similar reaction yield. The latter condition is important in order 
to minimize the contribution from rods, bipods and tripods to the fluorescence 
measured, which will cause the QY measurements to be inaccurate. The measured 
QY was found to have almost two-fold increase, from 15-20% to 35-40%. This 
may be attributed to the more effective surface passivation of the CdS surface by 
alkylphosphonic acid ligands as compared to carboxylic acid ligands.  
2.3.3: Tuning of tetrapod arm dimensions: 
Despite achieving high monodispersity in terms of size and shape of the tetrapods, 
an outstanding challenge was to control the tetrapod arm growth kinetics in order 
to achieve arms of different dimensions as it is important in terms of applications. 
For example, Type I heterostructured tetrapods with extremely short arms will 
generally have a lower action cross-section compared to tetrapods with long arms. 
Core/shell nanocrystal growth can be simply understood as a two-step process: (i) 
heterogeneous nucleation of the shell material which can only be initiated by a 
sudden increase of monomer concentration above the supersaturation threshold, 
and (ii) the subsequent arm growth from the resulting shell nuclei with 
progressive consumption of monomers in solution. Once the nucleation stage 
Chapter 2: Synthesis of Branched semiconductor Nanocrystal                69 
ends, several other factors determine the dynamics of arm growth, which in turn 
will affect the final morphology of the tetrapods. Such factors include the intrinsic 
surface energies of the different crystallographic surfaces where nucleation and 
growth occurs and the role of surface selective capping molecules. Given that the 
surface energies of the different facets that support growth of the arms is intrinsic 
to the core material, we approached this problem of tuning the length and 
diameter of the arms via judicious varying of the surface capping molecules. 
Figure 2.16(a-c) shows that the arm diameter of CdSe seeded CdS tetrapods can 
be tuned from 8 nm to 16 nm and finally, to a flower like morphology while 
keeping the length of the arms the same. This was achieved via a systematic 
increment of the weak-binding oleic acid over strong-binding ODPA (binding 
affinities with respect to the CdS surface). It is believed that oleic acid allows the 
shell precursor to initiate nucleation and growth at both (100) and (002) facets of 
the CdS arm. In the presence of the strongly binding ODPA, which preferentially 
binds to the (100) sides facets of CdS, the main axis of growth is along the (002) 
axis (also called the c-axis). Monomers thus add to the end facets, extending the 
arm along the (002) direction. The diameter of the arm is fairly constant since 
growth at the side (100) facets is inhibited by the presence of ODPA. 
Subsequently, an increase of the CdS arm diameter was observed when less 
ODPA was used. As seen in Figure 2.16(d-f), monodisperse tetrapods with arm 
lengths ranging from 15 nm to ~90 nm were successfully achieved. Notably, it 
was empirically found that a longer arm length was often achieved at the expense 
of the arm diameter. Measurement of the arm length and diameter of the tetrapods  















Figure 2.16. Typical TEM images of various CdSe seeded CdS nanotetrapods 
synthesized using ~2.9 nm diameter zb-CdSe cores, with varying diameter while 
keeping the length almost similar. It can be seen that diameter is tuned from 5 nm 
to 20 nm (a-d) that leads to flower-like shape. The change of the diameter was 
achieved by only changing the amount of the ligand. (g) graph showing the 
variance of arm length and diameters within the same sample with changing % of 
ODPA used. 
a) b) c) 
f) e) d) 
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in Figure 2.17 revealed that the longest arm lengths were also the thinnest (~4-5 
nm), while for the shortest ones, the arms were thickest (~9-10 nm).  In addition, 
the bars of the points in the figure represent the variability of the length and 
diameter with respect to the percentage of ODPA in the ODPA/OL ligand system. 
As discussed earlier, the bars follow the trend where an increasing amount of 
ODPA with respect to OL will lead to lesser variability of the diameter due to the 






Figure 2.17. (a) Absorption (solid) and PL (doted) spectra of toluene solutions of 
the different tetrapods as shown in figure 2.16(a-c),(b) Absorption (solid) and PL 
(doted) spectra of toluene solutions of the different tetrapods as shown in figure 
2.16(d-f) 
 
Depending on the length and diameter of the CdS arms, the electron wavefunction 
of the photo-generated exciton in the CdSe core was found to be delocalized in 
the CdS arms to different extents. Owing to this leakage of the electron 
wavefunction into the CdS arms, radiative recombination of the separated electron 
and hole is expected to yield a red shift of the emission maximum (relative to the 
emission of the CdSe core only) as the length and diameter of the shell increases. 
a) b) 
Chapter 2: Synthesis of Branched semiconductor Nanocrystal                72 
Figure 2.17 shows the detailed UV-vis absorption and PL emission spectra with 
respect to the change in diameter and arm length. It is interesting to note that the 
flower-like tetrapods emit at a longer wavelength compared to the longest arm 
length tetrapods. This suggests that even when the arm length is very long, further 
redshifts do not occur since: (i) strong quantum confinement is still present in the 
axes perpendicular to the long axis of the arm (i.e. along its length); (ii) leakage of 
the electron wavefunction does not take place beyond a certain arm length for a 
Type I alignment between CdSe and CdS. 
2.3.4: Synthesis of zb-CdSe seeded CdTe tetrapods: 
We extend our synthetic methodology to other systems such as CdSe seeded 
CdTe Type-II tetrapods, which facilities charge separation due to its staggered 
band alignment (Figure 2.18b). This Type-II band alignment allows for efficient 
charge-carrier separation which is favorable for photocatalysis and photovoltaics 
applications. Bulk CdSe/CdTe heterojunctions present a natural Type-II band 
offset in which the valence and conduction band of CdSe are both energetically 
above the corresponding bands of CdTe respectively,
23 
and the same is found in 
its nanocrystal analogue, as exemplified in Figure 2.18b. In heterostructures such 
as CdSe seeded CdTe tetrapods, light is absorbed across the whole visible 
spectrum, which can be seen in Figure 2.18e. The absorption is mainly dominated 
by the CdTe arms, although photons can be absorbed by both the CdTe and/or 
CdSe region. In such structures, charge separation of electrons and holes at the 
interface between CdTe (behaving as electron acceptor) and CdSe (behaving as  
















Figure 2.18. (a) Schematic of the synthesis process of the CdSe seeded CdTe 
tetrapods starting from the zinc blende CdSe core. (b) Shows the band alignment 
of the CdSe and CdTe semiconductors and also explains how this staggered band 
alignment helps to separate the electron and hole. (c) The low resolution TEM 
image of as-synthesized zinc blende CdSe with an average diameter 3.5 nm. (d) 
Low resolution TEM imge of the CdSe seeded CdTe tetrapods with an average 
arm length of 30 nm and diameter around 6 nm. (e) is the absorption spectra of 
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electron donor) occurs, leading to the localization of electrons in the CdTe region 
and holes in the CdSe region. Both theoretical and ultrafast carrier dynamics 
studies in CdSe/CdTe materials support such a charge transfer mechanism.
24
 
Modifying previously described methods
6b
 to synthesize tetrapod-shaped colloidal  
 
Figure 2.19. A large scale view of the Low resolution TEM image of the CdSe 
seeded CdTe tetrapods with an average arm length of 30 nm and diameter around 
6 nm. From a typical sample sizes of ~400 particles, we deduced that the yield of 
tetrapods for this synthetic strategy generally ranged from 90 % on average.   
 
nanocrystals, we synthesized CdSe seeded CdTe tetrapods by utilizing an oleic 
acid, HPA and ODPA ligand system with a lower injection temperature, as 
illustrated in Figure 2.18a. Oleic acid acts as a stabilizing agent for the Zb CdSe 
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seed, which helps us to achieve a high yield without any post synthetic 
modification. Figure 2.18c-d shows the transmission electron microscope (TEM) 
image of spherical CdSe nanocrystal ‘‘seeds’’ onto which CdTe arms were 
subsequently grown. Large view can be seen in Figure 2.19 which shown 
extremely high yield with out modification.With the combination of suitable 
surface ligands, we are able to get tetrapod-shaped CdSe/CdTe nanocrystal 
heterostructures with narrow distributions of arm lengths and diameters as shown 
in Figure 2.19. We show that in Chapter 5 of this thesis, CdSe/CdTe tetrapods 
can be exploited as the active material in photovoltaic devices. 
2.4: Conclusion: 
In conclusion, we have described the synthesis and characterization of CdSe 
seeded CdS tetrapods via the use of a combination of carboxylic and alkyl 
phosphonic acid ligands. We found that an optimum amount of  oleic acid is 
needed for the stability of the CdSe zinc blende phase.  The effect of temperature, 
growth time and surface ligands were also studied and we found an optimum 
condition where yields as high as 95% of CdSe seeded CdS tetrapods were 
achieved without any post synthetic modification.  The relative concentration of 
sulfur precursors added was found to be an important factor in the polytypism of 
the CdSe cores, and allowed us to obtain very high yields of tetrapods. The effect 
of the sulfur precursor on particle yield was studied for both nanorods and 
tetrapods, upon which we found interestingly that the sulfur precursor can 
partially convert the wurtzite phase of the CdSe seed to its zinc-blende phase. We 
also demonstrated a simple ligand based method to tune the arm length and 
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diameter of the tetrapods, which has not been well studied in the field. From our 
understanding of the synthesis of CdSe seeded CdS tetrapods, we were able to 
extend our techniques developed to other systems such as Type-II CdSe seeded 
CdTe tetrapods and was also able to achieve yields as high as 90% without any 
post synthetic modification.  
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3.1: Introduction: 
Hybrid metal-semiconductor nanoparticles are promising nanoscale composite 
materials which potentially exhibit both the physical and chemical characteristics 
of the individual metal and semiconductor or display unique properties not seen in 
either component. In the case of anisotropic semiconductor structures such as na-
norods, metal nanoparticles grown at the apexes of the rod can serve as electrical 
connections to enhance charge conductivity.
1
 Light-induced separation of charge 
at the metal-semiconductor interface has also shown utility in photocatalytic pro-
cesses
2
 and in the fabrication of hierarchically complex dumbbell structures.
3
 An-
other opportune application of metal-tipped semiconductor nanorods which ex-
ploits the differences in chemical affinity between the surfaces of the metal and 
semiconductor is in the area of self-assembly, where end-to-end attachment
4
 and 





fects have been demonstrated. In such applications, the topological selectivity of 
metal deposition and subsequent location on the semiconductor nanostructure is 
pivotal, and a number of research efforts focusing on the site-selective deposition 
of metals on nanorods and randomly hyperbranched nanostructures have been re-
ported.
7  
In the case of anisotropic structures such as CdSe seeded CdS semiconductor 
nanorods it has been shown that under conditions of UV irradiation, controlled 
temperature and presence of a suitably passivating ligand, large Au particles can 
grow selectively at the sulfur-rich facets located at one end of the rod.
8
 While the 
selectivity of the Au deposition can be relatively high (~70% at the S-rich tip
8b
),  
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strict control over multiple parameters and the ensuring of uniform light excitation 
in scaled-up processes may prove to be fairly challenging. More recently, a facile 
approach obviating the use of light excitation and requiring the concentration of 
the Au precursor added as the only parameter tuned was reported, exploiting the 
inherent differences in reactivity between the facets at the vertices and sides of 
CdS to achieve site-specific Au deposition.
9 
However, determining the optimal Au 
monomer concentration necessary to minimize non-selective placement of Au 
throughout the nanorod while allowing for heterogeneous Au nucleation and 
growth often requires numerous trials, which can be laborious and time consum-
ing.  
Another method for achieving selectivity over the growth of the metal at a par-
ticular tip on a semiconductor nanorod may be achieved via an electrochemical 
Ostwald ripening process reported by Banin et al in which the smaller metal na-
noparticle at one of the tips possesses a higher surface energy and susceptibility to 
oxidation and slowly dissolves into its individual ions in solution. The electrons 
left behind by the oxidation of the metal atoms then hop, via surface states, across 
the semiconductor nanorod surface to the larger metal particle located at the other 
tip where reduction of the metal ions takes place, thus resulting in an increase in 
particle size and the eventual formation of a matchstick-like metal-semiconductor 
structure.
10 
This reported strategy was, however, demonstrated by the same re-
searchers not to apply to branched structures such as CdSe tetrapods, where the 
electrochemical Ostwald ripening of Au nanoparticles at the tips of the different 
arms towards a single dominant arm was not observed.
10
 Given the nearly sym-
metric reactivity of the tips in a tetrapod, varying the concentration of the metal 
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precursor added, which was previously shown to work with nanorods,
9
 results in a 
Poissonian distribution of metal-tipped arms in an ensemble of tetrapods. The 
controlled and selective deposition of metals onto branched semiconductor struc-
tures thus remains a non-trivial and yet important challenge to overcome. We 
show in this work how such a hurdle may be circumvented via fine structure tun-
ing of the branched nanoparticle and investigate the effect of particle shape on the 
region-specific deposition of Au and show that in anisotropic CdSe seeded CdS 
nanorods the preference for tip deposition can be enhanced by increasing the 
amount of tapering along its length. We extended this synthetic technique to CdSe 
seeded CdS tetrapods and find, peculiarly, that not only is the selective preference 
for tip growth magnified, but that one arm in particular shows dominant tip 
growth. 
3.2: Experimental Section: 
Chemicals:  
Cadmium acetylacetonate (Cd(acac)2, 99.9%), cadmium oxide (CdO, 99.5%), 
cadmium acetate ( Cd(ac)2, 99.99%) dodecylamine (DDA, 98%), potassium 
gold(III) chloride (KAuCl4, 99.9%), 1,2-hexadecanediol (HDDO, 90%), 1-
hexadecylamine (HDA , 90%), 1-octadecene (ODE, 90%), sulfur (S, reagent 
grade), selenium (Se, 99.99%), Stearic acid (SA, 98.5%), oleic acid (OA, 90%), 
myristic acid (MA, 99 %), trioctylphosphine oxide (TOPO,  90%)  and oleylamine 
(technical grade, 70%) were purchased from Sigma Aldrich. Trioctylphosphine 
(TOP, 97%) was purchased from Alfa Aesar. Diisooctylphosphinic acid (DIPA, 
90%) was purchased from Fluka. n-octadecylphosphonic acid (ODPA, 97%), 
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trioctylphosphine oxide (TOPO, 99%) and n-hexylphosphonic acid (HPA, 97%) 
were purchased from Strem. All the chemicals were used as received without fur-
ther purification. Unless stated otherwise, all the reactions were conducted in ov-
en-dried glassware under nitrogen atmosphere using standard Schlenk techniques. 
Synthesis of spherical Zinc Blende CdSe seeds: 
The zinc belnde CdSe was synthesized perivously described in chapter 2. 
Synthesis of spherical Wurtzite CdSe seeds: 
Synthesis of monodispersed w-CdSe NCs proceeded via a previously reported 
procedure with slight modifications.
12 
A bath of 9 g TOPO (90%), 6 g HDA and 
0.25 ml of DIPA was degassed at 100 
o
C for 1.5 h. A precursor solution 
comprising of 317 mg Cd(acac)2 and 567 mg HDDO in 6 mL of ODE was 
degassed at 120 
0
C for 1.5 h, followed by addition of 4 mL of 1.5 M 
trioctylphosphine selenide at room temperature. This precursor solution was then 
rapidly injected into the bath at 360 
0
C and allowed to cool to 80 °C.  The 
resulting CdSe NCs were subsequently processed by 3 cycles of precipitation in a 
butanol/ methanol mixture and re-dispersed in toluene for further use. 
Preparation of stock solution of CdSe seeds:  
Processed CdSe NCs (zb/w) were dispersed in a minimum amount of toluene and 
their concentration was determined by measuring their absorbance at 350 nm, 
whose molar absorptivity is known.
13
 The toluene was then removed under 
vacuum and TOP was added to make up a NC concentration of 100 µM. This 
mixture will subsequently be referred to as the zb- or w-CdSe stock solution. 
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Synthesis of CdSe seeded CdS heterostructures: 
Rod-like and tetrapod-like CdSe seeded CdS heterostructures were synthesized, 
with slight modifications, via the seeded growth approach.
14 
Briefly, 2.65g TOPO 
(99%), 0.05175 g CdO, and a mixture of ligands  were degassed at 150 °C for 
about 1.5 h in a 50 mL three-neck round bottom flask. The reaction mixture was 
then heated to 350
o
C under N2, whereupon the solution turned from reddish 
brown to colorless. Separately, a mixture of S, TOP and CdSe seeds was derived 
by first dissolving a predetermined amount of S in TOP at 50°C before adding 25 
µL of the appropriate CdSe stock solution. Upon reaching the desired injection 
temperature T °C, an additional amount of TOP was added (1.8 mL and 0.9 mL in 
the case of nanorods and tetrapods respectively), and the temperature was allowed 
to recover to T °C before the mixture of S, TOP and CdSe was swiftly injected. 
The temperature was again allowed to recover to T °C and the anisotropic CdS 
shell (or arms in the case of tetrapods) was grown at this temperature for t 
minutes. The heating mantle was then removed and the solution was allowed to 
cool to 80 °C. As-synthesized CdSe seeded CdS heterostructures were then pro-
cessed by repeated cycles of precipitation in methanol and re-dispersion in tolu-
ene. A crude approximation of the concentration of the processed CdSe seeded 
CdS structures was determined using a previously reported procedure.
15 
A sum-
mary of the reaction conditions used (values of t and T) for each of the structures 
described in this work (with the exception of cylinder-like rods) is given in Table 
T1.  
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Table 3.1. Summary of the reaction conditions used for the synthesis of various 
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Gold stock solution preparation:  
For the preparation of the Au precursors, 60 mg of KAuCl4 (0.16 mmol) was 
dissolved in 5 mL of water, yielding a homogenous clear solution. This will 
subsequently be referred to as the Au stock solution. 
Procedure for gold growth on CdSe seeded CdS nanoheterostructures: 
The transfer of KAuCl4 (aqueous solution) from water to toluene was performed 
following a procedure previously reported by Yang et al.
16
 In a 10 mL open top 
vial, 1 mL of the Au stock solution (which was appropriately diluted when lower 
Au precursor concentrations was desired) was mixed with 1 mL of a mixture 
comprising of 280 mg of DDA dissolved in 10 mL ethanol, and allowed to stir for 
3 min.  To this reaction mixture, 1 mL of a mixture comprising of ~ 5 µM CdSe 
seeded CdS nanoheterostructures and 6 mg of ODPA in toluene was added and 
the reaction was allowed to continue for a fixed amount of time, typically ~1.5 h 
and then quenched with MeOH.  
Procedure for selective Ag2S growth on zb-CdSe/CdS tapered tetrapods: 
In order to initiate growth of Ag2S at the vertices of zb-CdSe seeded CdS 
tetrapods with cone-like arms via cationic exchange between Ag
+
 in solution and 
Cd
2+
 in the nanostructure, transfer of Ag
+
 from water to toluene was carried out 
via a previously reported procedure.
16
 Briefly, in a 10 mL open top vial, 1 mL of 
0.4mM aqueous AgNO3 was mixed with 1 mL of a mixture comprising of 280 mg 
of DDA dissolved in 10 mL ethanol.  After 3 minute of continuous stirring, 1 mL 
of a ~ 5 µM solution of Au-tipped zb-CdSe seeded CdS tetrapods with cone-like 
arms in toluene was added and the reaction was allowed to continue for a fixed 
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amount of time, typically ~30 min and then quenched with MeOH. The resulting 
Au- and Ag2S-tipped tetrapods were then processed by 1-2 cycles of precipitation 
in methanol and re-dispersion in toluene before characterization by TEM.   
Structural characterization:  
Transmission Electron Microscopy: 
A JEOL JEM 1220F (100 kV accelerating voltage) or JEOL 2100 (200 kV accel-
erating voltage) microscope was used to obtain bright field TEM images of the 
nanoparticles respectively. For TEM measurements, a drop of the nanoparticle 
solution was placed onto a 300 mesh size copper grid covered with a continuous 
carbon film. Excess solution was removed by an adsorbent paper and the sample 
was dried at room temperature. The High-Resolution TEM images, High-Angle 
Annular Dark Field Scanning-TEM (HAADF-STEM) studies and detailed ele-
mental composition analysis were carried out on a FEI Titan 80-300 electron mi-
croscope operated at 300 KV, which is equipped with an electron beam mono-
chromator, an energy dispersive X-ray spectroscopy (EDX) and a Gatan electron 
energy loss spectrometer. The probing electron beam size for the EDX measure-
ment was around 0.3 nm, with a dwell time of ~10 s for each EDX spectrum.  
XRD Characterization: 
X-ray Diffraction (XRD) data was obtained with a diffractometer (Bruker AXS, 
GADDS) using Cu-Kα radiation (λ=1.540598Å) in the range of 20˚ to 80˚. Sam-
ples were prepared on a clean silicon wafer by placing drops of concentrated na-
noparticles in toluene on the silicon surface and dried at 80˚C in the oven. This 
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H NMR and 
31
P NMR spectra were recorded on a Bruker ACF 300 and 121 MHz 
FT-NMR spectrometers and referenced to solvent peaks.  Samples were prepared 
by first completely drying the nanorods and then dispersing them in toluene-d8. 
Details of the exchange procedure: Approximately 40 nm long w-CdSe seeded 
CdS cylinder-like nanorods synthesized using ODPA and HPA were processed 
from growth solution and heated at 90 oC with stirring for ~24 hrs in the presence 
of excess oleic acid in toluene. Upon completion of the reaction time the nanorods 
were processed at least 4 times to confirm the removal of any unbound ligand. 
Optical characterization:  
UV-visible absorption spectra were obtained with an Agilent 8453 UV-Visible 
spectrophotometer. Photoluminescence (PL) spectra were collected with a 
Shimadzu RF-5301PC  Spectrofluorophotometer. Care was taken to ensure that 
the concentrations of the core and core-seeded nanostructures were sufficiently 
dilute to avoid contributions from re-absorption or energy transfer. 
Details of the exchange procedure:  
Approximately 40 nm long w-CdSe seeded CdS cylinder-like nanorods synthe-
sized using ODPA and HPA were processed from growth solution and heated at 
90 
o
C with stirring for ~24 hrs in the presence of excess oleic acid in toluene. Up-
on completion of the reaction time the nanorods were processed at least 4 times to 
confirm the removal of any unbound ligand. 
Chapter 3: Unusual Selectivity of Metal Deposition on Tapered Semiconductor 
Nanostructures                                                                                                     90 
 
3.3: Result and Discussion: 
 
In order to investigate the effects of nanoparticle shape on the topological se-
lectivity of metal depostion, CdSe seeded CdS nanostructures of various aniso-
tropic shapes were synthesized via a ligand-mediated seeded growth approach and 
subsequently exposed to pre-determined concentrations of Au precursor. The pri-
mary basis for comparison between the structures was based on differences be-
tween the facet distributions along their lengths and vertices. From this basis, we 
narrowed our exploration of the vast number of possible geometries to five repre-
sentative architectures which are shows in Figure 3.1 such as cylindrical and core 
like nanorod and tetrapod’s and also wide cone like tetrapods. 
       Given that the mechanism for electrochemical Ostwald ripening of metal 
nanoparticles on semiconductor nanostructures takes place via the hopping of 
electrons across surface states, we hypothesized that tapered, conical structures 
should exhibit enhanced electrochemical Ostwald ripening processes due   to the 
presence of more surface atoms than those of their cylindrical counterparts. In or-
der to test this hypothesis, we developed synthetic procedures to fabricate tapered, 
cone-like analogues of known linear and branched cylinder-like semiconductor 
nanostructures. Figure 3.2 summarizes our efforts to produce monodispersed 
CdSe seeded CdS rods and tetrapods in accordance with our comparison motif 
described   
above. The seeded growth approach of Manna et al
 14,17
 with wurtzite CdSe (w-
CdSe) and zinc blende CdSe (zb-CdSe) as seeds was used (See the Table in the 
experimental section), with a key difference that a mixture of n-hexylphosphonic 
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acid (HPA) and oleic acid (OA) was used as surfactants as opposed to n-
octadecylphosphonic acid (ODPA) and HPA. The details are there is the previous 












Figure 3.1. Illustration of representative architectures used to investigate selec-
tivity of metal deposition based on the facet distribution along their sides and ver-
tices 
 
binds strongly to the (100) side facets of CdS while HPA binds less strongly to the 
(002) and (00-2) end facets of CdS, resulting in unidirectional growth along the 
axis of the rod (Figure 3.2(a)).
15,18  
Replacing ODPA with oleic acid and use of 
w- CdSe cores results in cone-like rods, as shown in Figure 3.2(b). This unusual 
formation of a cone-like structure may be rationalized by the likely weaker bind-
ing of oleic acid to the (100) facets relative to that of ODPA (and to a lesser extent 
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Figure 3.2. Typical TEM images of various CdSe seeded CdS nanostructures syn-
thesized using: (a) ~2.9 nm diameter w-CdSe cores, HPA/ODPA (b) ~2.9 nm di-
ameter w-CdSe cores, HPA/OA; (c) ~3 nm diameter zb-CdSe cores, HPA/ODPA. 
(d) ~3 nm diameter zb-CdSe cores, HPA/OA; (e) ~3 nm diameter zb-CdSe cores, 
OA/SA;  
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HPA), resulting in extension at the sides of the rod concurrent with growth along 
its axis. Such a mechanism would be expected to lead to cone-like structures with 
a base much wider than the diameter of the cylindrical-like rods, which is exactly 
what we found upon comparing the dimensions of the rods in both cases.  For 
comparison purposes, we also synthesized conventional CdSe seeded CdS tetra-
pods with cylinder-like arms using HPA/ODPA as surfactants, as illustrated in 
Figure 3.2(d). Employing zb-CdSe seeds in the presence of OA and HPA yielded 
tetrapods with cone-like arms, as seen in Figure 2(d), consistent with the observa-
tions obtained with the rods. It is noteworthy that extremely high tetrapod yields 
of ~85 - 90% without purification were obtained with the use of HPA and OA as 
described in chapter 2. A reciprocal effect where w-CdSe is converted to zb-CdSe 
is not seen in mixtures of w-CdSe cores and oleic acid, however, as evident in the 
high yield (~80%) of unbranched cone-like rods as shown in Figure 3.2(b). When 
HPA is replaced by another carboxylic acid, stearic acid (SA), the combination of 
OA and SA leads to fairly monodisperse tetrapods with very wide cone-like arms, 
as depicted in Figure 2(e), further corroborating the cone-like growth mechanism 
proposed above. The XRD data of the different heterostuctures are given in the 
Figure 3.3 and confirm the single phase of the CdS arm. Due to large volume 
fraction of the CdS shell the core Zb-CdSe structures could not be detected by the 
XRD. This XRD data exactly matching with the reported CdS wurtzite crystal 
phase parameter. The optical spectra corresponding to the various structures Fig-
ure 3.2(a)-(e) is given in Figure 3.4, and a redshift in the emission from cone-like 
rods to tetrapods with cone-like arms is readily seen. An additional redshift in the 
emission may be seen in tetrapods with cylinder-like arms whereas the furthest 
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redshift occurs in tetrapods with very wide cone-like arms. These observations are 










Figure 3.3. Corresponding XRD data of CdSe seeded CdS heterstructures of fig-
ure 2 (a). The vertical bars are referenced to PCPDS file No. 88-2346. 
 
that the extent in which the electron wave function in the CdSe core delocalizes 
out into each CdS arm is dependent on the width of the base of the arms (rods 
may be taken to effectively have only one arm). 
In order to qualify differences in facet distribution along the sides of the ta-
pered and non-tapered structures, HRTEM analyses of randomly chosen tetrapods 
were performed. For tetrapods, one arm is always positioned perpendicular to the 
image plane, allowing for characterization of its facets from the view point of its 
growth axis. In the case of tetrapods from Figure 3.2(c), a well-defined hexagonal 
tip structure allowing determination of its six (010), (100), (1-10), (0-10), (-100), 
(-110) and (110) facets (see, Figure 3.6), was apparent, as shown in Figure 
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3.5(a). A side view analysis of the tetrapod arm, as depicted in Figure 3.2(d), re-
vealed the (100) and (002) facets along the length and vertex of the arm respec-
tively. On the other hand, tetrapod’s from Figure 3.2(d) featured a small tip re-











Figure 3.4. Absorption (solid line) and PL (dotted line) spectra of toluene solu-
tions of the different heterostructures shown in Figure 3.2(a) to (d). 
 
along its growth axis and an unambiguous determination of its six facets was ex-
tremely difficult, as apparent from Figure 3.5(c). A similar observation was made 
on tetrapods from Figure 3.2(e) (See Figure 3.7). Imaging of the arms lying ap-
proximately parallel to the plane of the substrate for these tetrapods, as illustrated 
in Figure 3.5(d), showed the presence of the (002) facet at the vertex of the arm 
but with a side facet that is significantly deviated from the [100] zone axis. In con-
trast with metal nanoparticle surfaces where atomic modeling and direct imaging 
by HRTEM often reveals a step-like and periodic nature of facets angularly dis-
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placed from the growth axis,
20
 vicinal surfaces of semiconductors are unlikely to 
comprise of uniform terraces due to frequent surface reconstruction.
21














Figure 3.5. HRTEM images of zb-CdSe seeded CdS tetrapods with cylindrical- 
(a) and cone-like (c) arms. Imaging along the axis of the arm reveals a well-
defined hexagonal tip in (a) and a distorted hexagon in (c). Corresponding magni-
fied views of the arms showed that the side facets are parallel to and deviated 
from the [100] zone axis in (b) and (d) respectively. 
 
the cone-like arms may thus be thought of as a stack of distorted or partially trun-
cated hexagons leading up to the vertex, each layer smaller than the previous as 
dictated by the conical geometry. It may be inferred that given the non-uniform 
terrace-like surface morphology of the tapered structure and its subsequent expo-
sure of more surface area, it is likely that the tetrapods with cone-like arms would 
generally possess a higher number of unpassivated surface atoms relative to those 
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of cylinder-like arms. Indeed, the fluorescence quantum yield (QY) of the cone-














Figure 3.6. (a) HRTEM image of a CdSe seeded CdS tetrapod bearing cylinder-
like CdS arms. The hexagonal geometry of the CdS arm tip pointing perpendicular 
to the plane of the substrate, as corroborated by the FFT image in the inset, is 
readily seen. (b) An atomic model of the hexagonal tip shows six symmetric side 
facets (010), (100), (1-10), (0-10), (-100), (-110) and a (002) vertex facet that cor-
respond to those of wurtzite CdS. 
 
than their cylinder-like (~3 nm CdSe core, ~22 nm arm length) counterparts, with 
measured QY values of ~11% and ~36% respectively, further supporting the sup-
position above and our overall rationale for fabricating tapered structures. Gold 
deposition on the various semiconductor nanostructures proceeded via a previous-
ly described procedure,
16
 with the concentration of the Au precursor as the only 
parameter varied. Figure 6 is a composite TEM image depicting the various Au-
decorated surface morphologies obtained for the different anisotropic semicon-
ductor nanostructures upon exposure to relatively high concentrations of Au pre-
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Figure 3.7. HRTEM image of zb-CdSe seeded CdS tetrapods with wide, cone-
like arms that were synthesized using SA and OA as ligands. It is evident that the 
tip of the wide, cone-like CdS arm features a distorted hexagon, unlike those of 
the zb-CdSe seeded CdS tetrapods with cylinder-like arms. 
 
within the ~1.5 hr reaction time did not result in any discernible etching of the tet-
rapod arms. While previous reports have shown that Au deposits at the sides and 
tips of cylinder-like rods at relatively high Au monomer concentrations as it is 
shown in Figure 3.8(a)
7b,9
 the cone-like rods showed a marked selectivity for Au 
growth at the tips even at Au precursor concentrations high enough to observe 
homogenous nucleation and growth of isolated Au particles, as shown in Figure 
3.8(b). Despite the large excess of Au precursor added, only a small number of 
minute Au clusters may be seen along the sides of some of the rods, while the Au 
particles at the tip location were much larger with a diameter of ~ 6-10 nm.  
Chapter 3: Unusual Selectivity of Metal Deposition on Tapered Semiconductor 
























Figure 3.8. TEM images of structures from Figure 3.1 exposed to high concentra-
tions of Au precursor. All of the reactions were done at room temperature for a 
fixed reaction time of 1.5 hours. 
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Interestingly, the affinity for tip growth at the sharper end of the rod seemingly 
diminished at high Au precursor concentrations, with a significant number of rods 
having either a sole or larger Au particle located at its base. This abated selectivity 
for the S-rich sharpened tip may be elucidated by the fact that the Au monomer 
concentrations far exceed the threshold for nucleation at both tips of the nanorod. 
As shown in Figure 3.8(d), tetrapods with cone-like arms featured a dominant 
arm bearing a large Au tip. Deposition of Au at the tips of the other arms, as well 
as their sides, was scarcely perceptible at the magnification afforded by low reso-
lution TEM. Tetrapods with wider cone-like arms also displayed exclusive Au 
growth at a particular vertex, as evident in Figure 3.8(e). In stark contrast, nearly 
uniformly spaced small Au particles were seen throughout the surface of each arm 
for tetrapods with cylinder-like arms as illustrated in Figure 3.8(c), consistent 
with previous observations of Au deposition on hexagonal pencil-like CdS nano-
rods.
22
 The remarkably enhanced selectivity for tip growth in the cone-like versus 
cylinder-like CdS structures and the intriguing dominance of one arm for tip 
growth amongst 4 approximately symmetric tetrapod arms with S-rich tips cannot 
be explained by surface defect mediated growth alone, which asserts that unpas-
sivated surfaces and areas of structural defects constitute the most chemically re-
active sites and are therefore most likely to accommodate nucleation and growth 
of another material.
8b,23
 Such a deposition mechanism would contradict the unu-
sually high propensity for tip growth in the cone-like structures given their likely 
higher density of unpassivated surface atoms at the side facets in comparison to 
those of cylinder-like structures. Moreover, ligand-exchange control experiments 
ruled out the effects of different capping groups on the observed deposition pro-
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cesses. In order to ascertain that the accentuated electrochemical Ostwald ripening 
found in the cone-like nanostructures was not primarily due to the presence of ole-
ic acid as a surface capping group, a control experiment in which the cylinder-like 
CdSe seeded CdS nanorods were allowed to undergo ligand-exchange with oleic 
acid prior to exposure to Au precursors was carried out. Successful replacement of 




H NMR , as 
shown below in Figure 3.9(a)-(d), and the rods were subsequently exposed to dif-
ferent concentrations of Au precursor. Analysis by TEM, illustrated in Figures 
3.9(e) and (f) showed that deposition trends and resulting Au-decorated morphol-
ogies on these cylinder-like rods were identical to those displayed in Figure 
3.8(b), strongly suggesting that the selective Au growth behavior on the cone-like 
structures was not predominantly due to the presence of oleic acid as a surface lig-
and. Moreover, the introduction of ODPA during the Au deposition process fur-
ther diminishes the role of oleic acid as a surfactant specifically responsible for 
the increased electrochemical Ostwald ripening effects seen in the cone-like struc-
tures. Thus, deviation in Au deposition trends between the cylinder- and cone-like 
structures are likely due to intrinsic differences between their shape and therefore 
facet distributions, which would in turn influence the binding affinity and packing 
density of the surface ligands. This apparent conundrum may be better resolved by 
considering the electrochemical Ostwald ripening process previously reported in 
dumbbell-like Au-CdSe nanorods as mentioned earlier, where a decrease in the 
size of the Au at a particular tip results in an increase in Au particle size at the 
other tip.
10 
It is interesting to note that in the case of Au-decorated CdS nano-
rods,
23
 continued ripening effects over a period of days eventually resulted in a  
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Figure 3.9 (a), (b) are the one-dimensional 1H NMR spectra of oleic acid in tolu-
ene-d8 and worked up w-CdSe seeded CdS nanorods after ligand exchange with 
oleic acid and dispersed in toluene-d8 respectively. Broadened and slightly shifted 
resonances in (b), especially around ~5.49 ppm, is indicative of the presence of 
oleic acid-bound nanoparticles, as described in Ref. 1. Further confirmation that 
the phosphine-based ligands were successfully cap-exchanged by oleic acid was 
evidenced by 31P NMR measurements as shown in (c) and (d), which are data of 
approximately same amounts of processed nanorods before and after ligand ex-
change with excess oleic acid respectively. No discernible peak was found after 
ligand exchange with oleic acid, which implies that the majority of the phosphine-
based ligands were replaced. (e), (f) are TEM images of ligand-exchanged (oleic 
acid capped) w-CdSe seeded CdS nanorods exposed to relatively low and high 
concentrations of Au precursor respectively. 
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match-stick like configuration with a large dominant Au tip. Given our reaction 
conditions (ambient temperature, short growth times), there are two sets of exper-
imental observations which have led us to conclude that the unique Au-
semiconductor morphologies on our cone-like structures may be attributed to an 












Figure 3.10. HAADF-STEM images of representative tetrapods with cone-like 
arms exposed to a fixed Au precursor concentration and allowed to react at room 
temperature for (a) 5 min and (b) 40 min; and at a much higher Au precursor con-
centration for 1.5 hr at (c) room temperature and (d) 90
o
C respectively. 
   
early reaction times revealed the presence of Au particles of comparable sizes at 
the tips of all the arms of the tetrapods. After 40 mins, an eventual depletion in the 
free monomers in solution resulted in the favored growth of one of the tips while 
Chapter 3: Unusual Selectivity of Metal Deposition on Tapered Semiconductor 
Nanostructures                                                                                                     104 
 
the remaining tips were diminished in size as illustrated by Figures 3.10(a) and 
(b). Secondly, for tetrapods with cone-like arms exposed to very high amplify 
Ostwald ripening processes and yield less Au particles at the sides of the cone-like 
arms, in agreement with our HAADF-STEM data. In the case of CdSe tetrapods 
where electrochemical Ostwald ripening of the Au particles at the tips of the dif-
ferent arms towards a single dominant arm was reported concentrations of Au 
precursor (such that growth of small Au clusters may be seen across the arms) at 
an elevated temperature of 90 
o
C for 1.5 hours, comparison with the control ex-
periment done at room temperature showed a dramatic decrease in the number of 
Au clusters at the sides of the arms, as evident in Figures 3.10(c) and (d). This 
finding is clearly in contradistinction with a surface defect based growth only 
model where the increased detachment rate of surface ligands at higher tempera-
tures would result in the growth of more Au particles.
8b
 On the other hand, higher 
reaction temperatures are expected to not to occur,
 
it was suggested that the pres-
ence of a barrier prevented electron transfer between the rod arms that was neces-
sary for the electrochemical Ostwald ripening process to take place. The origins of 
the barrier were hypothesized to stem from structural defects at the interface be-
tween the zinc-blende and wurtzite lattice of the CdSe core and arms respective-
ly.
10
 In the case of our cone-like tetrapods, it is reasonable to expect that electron 
hopping across surface states can take place throughout wurtzite CdS, which con-
stitutes both the arm and shell material around the zb-CdSe core.  
To demonstrate an exemplary utility of the unique propensity for Au to be depos-
ited onto a single tip of a near-symmetric 4-arm tetrapod and circumventing an 
expected Poissonian distribution of Au tip growth, we attempted to fabricate hier-
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archically complex tetrapod structures with one tip specifically functionalized 
with a single Au particle while the other tips possess Ag2S particles. This was 
achieved by depositing Au and Ag precursors in a sequential manner, which was 
previously used to synthesize Janus-like dumbbell nanorod structures.
9
 Unlike Au, 
the Ag precursors do not nucleate and grow on the CdS surface but spontaneously 




 By first directing Au 
growth at the tip of one of the tetrapod arms, facets at the vertex of that arm are 
rendered inaccessible by Ag
+
 and cationic exchange occurs at the tips of the other 
arms instead. An illustration of this strategy is given in Figure 3.11(a). The as-
synthesized structures are depicted in Figure 3.11(b), which is a representative 
HAADF-STEM image showcasing the potentially high degree of synthetic control 
over the fabrication of asymmetrically-tipped tetrapod nanostructures. A total of 
10 randomly chosen tetrapods were analyzed via HAADF-STEM and EDX, as 
may be seen from Figures 3.11(b)-(f), which collectively exemplify the absence 
of nanoparticles at the side facets of the arms, and tips with materials composition 
in accordance with our hypothesized structure. While the deposition of Ag on the 
Au particle was occasionally observed, it should be pointed out that the prot- 
ocols for the synthesis of these structures remains largely un-optimized, and in-
cremental improvements such as minimizing the deposition of Ag on the Au par-
ticle may be effected via a more judicious choice of Ag precursor concentrations. 
Nevertheless, the monodispersity of the complex tetrapod configurations obtained 
attests to our approach to asymmetric nanoparticle growth at the tips of branched 
semiconductor nanostructures in a relatively controlled manner. 
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Figure 3.11. (a) Reaction schematic to obtain hierarchically complex CdSe seed-
ed CdS tetrapods with Au at precisely one tip and Ag2S at the other three. (b) Rep-
resentative HAADF-STEM image of tetrapods with cone-like arms fabricated ac-
cording to the strategy shown in (a). (c) Magnified view of one of the tetrapods in 
(b), with the different tips labeled. (d),(e) are HRTEM images of the different tet-
rapod arm tips showing the visible lattice fringes of the Ag2S (121) and Au (111) 
planes with measured d-spacings of 0.26 nm and 0.24 nm respectively. Further 
confirmation of the Au and Ag2S tip elemental composition by EDX is shown in 
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3.4: Conclusion: 
In summary, we have described the synthesis and characterization of cone-like 
nanorods and tetrapods via the use of a combination of carboxylic and alkyl phos-
phonic ligands. The cone-like nanorods and tetrapods were compared with their 
more conventional cylinder-like counterparts in terms of their topological selectiv-
ity of Au deposition. A remarkably higher propensity for tip growth was found in 
the case of the cone-like structures, with an unexpected single-tip growth in the 
case of tetrapods. This was ascribed to a dramatically enhanced intraparticle elec-
trochemical Ostwald ripening process in which small Au clusters at the side facets 
of the semiconductor structure were rapidly dissolved and re-deposited onto the 
large Au particles at the tips. The resulting one-tipped Au-semiconductor tetra-
pods were subsequently exploited to produce uniform hierarchically complex tet-
rapod structures with Au on one tip and Ag2S at the other three, thus exemplifying 
a strategy for circumventing a statistical distribution of tips with different materi-
als composition. We envision that an appropriate sequential deposition of suitable 
metals may lead to uniform tetrapod structures with metal tips of different compo-
sition, thus presenting intriguing scenarios for conductivity studies in branched 
semiconductor structures at the single nanoparticle level.  
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4.1: Introduction: 
Photodetection at near-infrared (NIR) wavelengths is becoming increasingly 
important due to its use in a growing number of applications such as optical 
tomography
1




. Amongst the different 
semiconductors used for IR detection, InGaAs-based photodetectors are currently 
one of the most widely used and can often be found in spectrophotometers and 
image-capturing devices.
2
 However, the fabrication of such photodetectors 
typically involves the use of epitaxial growth processes which can be costly
4,5
. A 
potentially more economical approach to the fabrication of IR photodetectors is 
via the use of solution-processed colloidal semiconductor nanocrystals (NCs) as 
the active material, given the fact that their spectral range is readily tunable as a 
function of particle size, they can be synthesized in large quantities, are amenable 
to a wide range of wet-chemical deposition techniques and can therefore be 
integrated with a plethora of different substrates. Owing to these salient 
physicochemical properties, NC-based IR photodetectors have in recent years 
been a very active area of research,
 













 and pyrite FeS2,
12 
 have been explored as the active 
material in photodetectors of various architectures. Amongst these materials 
explored, PbS and PbSe quantum dots are capable of attaining some of the highest 
NC-based IR detection efficiencies to date due to long carrier lifetimes of ~ 0.1-1 
µs caused by fortuitous shallow surface traps which facilitate charge separation 
and inhibit recombination.
13
 Further improvements to the detection sensitivity 
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PbS or PbSe-based devices may be afforded via post synthetic surface 
modification, such as ligand exchange with short-chain molecules in order to 
reduce interparticle distance within the active matrix.
14-17
 Such processes, 
however, are often susceptible to nanoparticle aggregation and can be fairly time 
consuming since the ligand-exchange process typically takes place under mild 
conditions that require lengthy reaction times in order to avoid structural 
degradation of the particles.
18
 Other approaches to deriving higher performance in 
NC-based IR photodetectors may be attributed to the design and fabrication of 
sophisticated device architectures such as stacked heterojunctions,
12,19
 or the use 
of hybrid material blends such as the recently reported graphene-NC composite as 
the active layer.
20
 While the responsivity and gain attained can be very high, the 
fabrication of such devices is a multi-step process which can be very complicated 
and difficult to optimize due to the large number of parameters involved in the 
final device configuration.  
Another tenable route to the fabrication of highly efficient IR NC-based 
photodetectors is the use of branched structures which generally feature 
absorption cross-sections much higher than their spherical counterparts
21
 and 
allow for an increased number of charge percolation pathways.
22
 While the use of 
hyperbranched II-VI nanostructures and heterostructured tetrapods was previously 
reported to have demonstrated utility in solar cell applications,
23
 the use of 
branched NCs as the active material in NIR photodetectors has scarcely been 
explored. Herein we report the investigation of PbSe seeded PbS tetrapods as the 
active material in a NIR photodetector device. The tetrapods are incorporated into 
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the device without post-synthetic surface modification while the device 
architecture is a simple lateral configuration, comprising of a dropcasted tetrapod 
film sandwiched between two coplanar pre-fabricated Au electrodes supported by 
a glass substrate. These PbSe seeded PbS tetrapod-based photodetectors are 
capable of exhibiting a high responsivity of up to ~ 5800 A W
-1 
at 808 nm under 
an external bias of +5.0 V. Importantly, the detectivity, D∗, of the tetrapod-based 
devices was determined to be ~ 1.5 × 10
13
 Jones with an acceptable temporal 
response of ~100 ms. Overall, the PbSe seeded PbS tetrapod-based photodetector 
described in this work is particularly appealing in that it possesses an extremely 
simple device architecture that is facile to fabricate, yet exhibits high photon 
detection efficiency at NIR wavelengths. 
4.2: Experimental: 
Chemicals: 
Cadmium acetylacetonate (Cd(acac)2, 99.9%), cadmium oxide (CdO, 99.5%), 
cadmium acetate (Cd(ac)2, 99.99%) dodecylamine (DDA, 98%), potassium 
gold(III) chloride (KAuCl4, 99.9%), 1,2-hexadecanediol (HDDO, 90%), 1-
hexadecylamine (HDA, 90%), 1-octadecene (ODE, 90%), sulfur (S, reagent 
grade), selenium (Se, 99.99%), Oleic acid (OA, 90%), myristic acid (MA, 99%), 
trioctylphosphine oxide (TOPO, 90%), oleylamine (technical grade, 70%) 
Tetrakis (acetonitrile) copper(I) hexafluorophosphate (97%) and Lead(II)acetate 
trihydrate (99.999% trace metal basis).were purchased from Sigma Aldrich. 
Trioctylphosphine (TOP, 97%) was purchased from Alfa Aesar. 
Diisooctylphosphinic acid (DIPA, 90%) was purchased from Fluka. n-
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octadecylphosphonic acid (ODPA, 97%), trioctylphosphine oxide (TOPO, 99%) 
and n-hexylphosphonic acid (HPA, 97%) were purchased from Strem. All the 
chemicals were used as received without further purification. Unless stated 
otherwise, all the reactions were conducted in oven-dried glassware under 
nitrogen atmosphere using standard Schlenk techniques. 
Synthesis of CdSe seeded CdS tetrapods: 
Synthesis of spherical Zinc Blende CdSe seeds: 
Nearly monodispersed zb-CdSe nanocrystals (NCs) were synthesized via a 
previously reported method. Processed Zb CdSe QDs were dispersed in a 
minimum amount of toluene and their concentration was determined by 
measuring their absorbance at 350 nm, whose molar absorptivity is known.
 
(For 
details see chapter 2) 
Synthesis of CdSe seeded CdS Tetrapods: 
CdSe seeded CdS tetrapods were synthesized via reported methods (Described in 
Chapter 2). A crude approximation of the concentration of the processed CdSe 
seeded CdS structures was determined using a previously reported procedure.
21
 
Synthesis of PbSe seeded PbS with intermediate Cu 2-xSe seeded Cu 2-xS: 
The PbSe seeded PbS tetrapods were synthesized by cation exchange reaction, 
using CdSe/CdS as template via Cu 2-xSe/Cu 2-xS tetrapods as an intermediate. The 
cation exchange process was performed following a procedure previously 
reported by Jain et al
24
. All reactions were performed inside a nitrogen filled 
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glove box at room temperature. In a typical Cu exchange reaction, 100 µM of 
tetrakis(acetonitrile)copper(I) hexafluorophosphate solution was (It was prepared 
by dissolving desired amount of tetrakis(acetonitrile)copper(I) 
hexafluorophosphate salt in 1ml of methanol) added to a stirring solution of 1 ml 
of ~ 10 µM of CdSe/CdS tetrapods. 10 times excess Cu salt was added for the 
complete exchange of the tetrapods. An immediate colour change from yellow to 
golden brown was observed upon addition of the copper(I) salt. The reaction was 
allowed to stir for 10 minutes before the purification step. The tetrapods were 
processed with methanol and centrifuged at 3900rpm for 20 minutes to remove 
excess copper(I) salt and surfactants from the solution. The tetrapods were 
redispersed in 1ml of toluene. 
The subsequent Pb exchange reaction was done with 20 times molar excess 
lead(II) acetate trihydrate (dissolved in 1ml of methanol) compare to initial CdSe 
seeded CdS molar concentration. The procedure was as follows. The Pb(II) slat in 
menthol was added rapidly to a stirring solution of Cu2-xSe seeded CuxS tetrapods, 
which was dispersed in 1 mL toluene. After that 0.5mL of freshly prepared lead 
oleate was added to enhance the solubility to the solution ( lead oleate was 
prepared by mixing 0.25g of lead(II) acetate trihydrate, 0.5ml of oleic acid and 
1.22ml of 1-octadecene (ODE) in  a three-neck RBF flask and degassed for 1 
hour, then  heated to 250 
o
C under N2 for 5 minutes and finally keep it at 80 
o
 C).  
The solution was allowed to stir for 30 minutes before 100µL of TOP as added. 
An immediate colour change to black was observed upon addition of TOP. The 
solution was allowed to react for 96 hours before purification. The final products 
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were washed with 1mL of methanol and centrifugated at 3900rpm for 20 minutes. 
The supernatant was discarded and the precipitated nanocrystals were redispersed 
in toluene. 
Device fabrication: 
Gold (Au) interdigitated electrodes array (spacing: L = 10 μ m, W = 10 μ m) was 
fabricated on a substrate of Si/SiO2 (300 nm) by e-beam evaporation and liftoff 
process. The gap between two Au electrodes was 10 μm. The as-synthesized PbSe 
seeded PbS tetrpods were precipitated from solution with methanol and 
redissolved into toulene at a concentration of 75 mg mL
− 1
. A drop of QDs 
deposited on the prefabricated Au electrodes in this manner resulted in a total film 
thickness of 3 μ m. 
Current-voltage mesuremnts: 
Current-voltage characteristics were measured using a Keithley-6430 source-
measure unit both in the dark and under light illumination. All optoelectrical 
measurements of the QDs film based two probe devices were measured when the 
devices were put inside a vacuum chamber (10
-3
 mbar) and the probed laser light 
was illuminated through transparent glass window of the chamber. The electrical 
wires from the device were feed through a pair of vacuum compatible leads to the 
measurement unit. We used different laser sources to illuminate the device. Diode 
laser (532 nm and 1064 nm, SUWTECH, LDC-2500; 405 nm, Power 
Technology, Inc.; 808 nm, EOIN) used to obtained the photoresponse from the 
device. To measure time response, the LQD-1060 laser diode, modulated at 5 Hz, 
Core-Seeded Semiconductor Tetrapods as Ultrasensitive Near-Infrared 
Photodetectors                                                                                     118  
was used to illuminate the devices and a Femto DHPCA-100 High Speed Current 
Amplifier and Tektronix 3054b oscilloscope was used to measure the 
photocurrent decays. A Fiber-Lite illuminator (ENLT-T-F01-150TECHNIQUIP 
150 W LIGHT SOURCE) with an adjustable knob was used as white light source. 
Tunable knob was used to adjust the intensity of the white light source.  
Femtosecond transient absorption (TA) experiment: 
For femtosecond transient absorption (TA) experiment, the laser source was a 
Coherent Legend
TM
 regenerative amplifier (150 fs, 1 KHz, 800 nm) that was 
seeded by a Coherent Mira
TM
 oscillator (100 fs, 80 MHz). The samples were 
pumped at 400 nm (3.1 eV) and probed with white-light continuum. The pump 
pulses were frequency doubled from the fundamental 800 nm laser pulses with a 
BBO crystal. The probe pulses (400-750 nm) were generated by focusing a small 
portion (~5 μJ) of the fundamental 800 nm laser pulses into a 1 mm-thick 
sapphire plate. The linear polarization of the pump pulse was adjusted to be 
perpendicular to that of the probe pulse with a polarizer and a half waveplate. The 
cross-polarization will help eliminate any contribution from coherent artifacts at 
early times. Pump-induced changes of transmission (T/T) of the probe beam 
were monitored using a monochromator/PMT configuration with lock-in 
detection. The pump beam was chopped at 83 Hz and this was used as the 
reference frequency for the lock-in amplifier.  
For nanosecond TA experiments, a laser flash photolysis spectrometer (LKS.60, 
Applied Photophysics), equipped with a Q-Switched Nd:YAG laser (Brilliant B, 
Quantel), a 150 W pulsed Xe lamp and a R928 photomultiplier, was used to 
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record ns-difference absorption spectra. Samples were excited at 440 nm and each 
time-resolved trace was acquired by averaging 100 laser shots at a repetition rate 
of 1 Hz. 
Structural characterization:  
Transmission Electron Microscopy: 
A JEOL JEM 1220F (100 kV accelerating voltage) or JEOL 2100 (200 kV 
accelerating voltage) microscope was used to obtain bright field TEM images of 
the nanoparticles respectively. For TEM measurements, a drop of the nanoparticle 
solution was placed onto a 300 mesh size copper grid covered with a continuous 
carbon film. Excess solution was removed by an adsorbent paper and the sample 
was dried at room temperature. The High-Resolution TEM images, High-Angle 
Annular Dark Field Scanning-TEM (HAADF-STEM) studies and detailed 
elemental composition analysis were carried out on a FEI Titan 80-300 electron 
microscope operated at 300 KV, which is equipped with an electron beam 
monochromator, an energy dispersive X-ray spectroscopy (EDX) and a Gatan 
electron energy loss spectrometer. The probing electron beam size for the EDX 
measurement was around 0.3 nm, with a dwell time of ~10 s for each EDX 
spectrum.  
Scanning tunneling microscope: 
To measure the thickness of the drop casted QDs film on the prefabricated 
electrodes, we drop casted similar amount and concentrated QDs solution on Si 
substrate and evaporate the solvent at 80
o
C. We use this drop casted Si substrate 
Core-Seeded Semiconductor Tetrapods as Ultrasensitive Near-Infrared 
Photodetectors                                                                                     120  
to examine the cross-sectional thickness using field emission scanning electron 
microscopy (FESEM, JEOL JSM- 6700F).   
XRD Characterization: 
X-ray Diffraction (XRD) data was obtained with a diffractometer (Bruker AXS, 
GADDS) using Cu-Kα radiation (λ=1.540598Å) in the range of 20˚ to 80˚. 
Samples were prepared on a clean silicon wafer by placing drops of concentrated 
nanoparticles in toluene on the silicon surface and dried at 80˚C in the oven. This 
was repeated several times until a thin layer of solid was formed on the silicon 
substrate. 
Optical characterization:  
Absorption spectra were obtained with from Shimadzu UV-3600, UV-Visible-
NIR spectrophotometer. Care was taken to ensure that the concentrations of the 
core and core-seeded nanostructures were sufficiently dilute to avoid 
contributions from re-absorption or energy transfer. 
FT-IR measurement: 
The FT-IR data were taken on a FTS165 Bio-Rad FTIR spectrometer, where 
toluene and highly concentrated QD solution were placed between the NaCl 
plates and checked the FT-IR spectra in transmission mode. 
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4.3: Result and Discussion: 
The synthesis of PbSe seeded PbS tetrapods proceeded via a series of cationic 
exchange processes involving CdSe seeded CdS tetrapods as the starting material 
and Cu2-xSe seeded Cu2-xS tetrapods as intermediate structures, analogous to a 
previous report on the fabrication of PbSe seeded PbS nanorods.
24
 The synthesis 
of highly monodisperse CdSe seeded CdS tetrapods was carried out via slight 
modification of a previously reported seeded approach.
25
 Briefly, zinc blende 
CdSe (zb-CdSe) cores were injected at an elevated temperature into a solvent 
containing Cd and S precursors in the presence of a mixture of oleic acid and 
octadecylphosphonic acid (ODPA) as surfactants, thus resulting in the 
heterogeneous growth of CdS arms from the CdSe core. While it is clear that the 
seeded approach described above cannot be used to derive tetrapods from cubic 
PbSe cores, the conversion of CdSe seeded CdS tetrapods to PbSe seeded PbS 
tetrapods via direct exchange with Pb
2+
 was also not possible, as previously 
observed by Luther et al for the cation-exchange mediated transformation of CdS 
to PbS nanorods.
26
 On the other hand, exposure of CdSe seeded CdS tetrapods to 
Cu
+
 in a mixture of toluene and methanol under inert conditions results in Cu2Se 
seeded Cu2S structures of the same morphology due to the fact that the anionic 





Subsequent exposure of these tetrapods to excess Pb
2+
 in the presence of 
trioctylphosphine (TOP) yielded uniform PbSe seeded PbS tetrapod structures, as 
depicted in Figure 4.1(a). The arms of the Pb
2+
 exchanged tetrapods were on 
average approximately ~ 24 nm long with a diameter of ~ 7 nm, which is 
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comparable to the dimensions of the original CdSe seeded CdS tetrapods.  The 
large view TEM iage in  Figure 4.2 shows it‘s high yiled and shape size 
uniofrmaty. Characterization via FTIR showed that the ligands present on the as-
synthesized PbSe seeded PbS tetrapods comprised primarily of oleic acid and 













Figure 4.1. (a) Representative TEM image of PbSe/PbS tetrapods with PbS arm 
dimensions of ~ 24 nm in length and ~7 nm in diameter. (b) UV-Vis absorption 
spectrum of PbSe/PbS tetrapods in toluene. (c) XRD data of as-synthesized 
PbSe/PbS tetrapods. The PbS reference standard (JCPDS file no -00-005-0592) 
peaks are shown in red. (d) Area EDX data clearly showing the strong presence of 
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Figure 4.2. A large scale view of the Low resolution TEM image of the PbSe 
seeded PbS tetrapods. From typical sample sizes of ~500 particles, we deduced 
that the yield of tetrapods for this synthetic strategy generally ranged from 95 % 
on average.   
 
       The optical absorption spectrum of the PbSe seeded PbS tetrapods dispersed 
in toluene was relatively featureless, with a broad excitation profile that extended 
across the NIR spectral window, as shown in Figure 4.1(b). As is the case for 
CdSe seeded CdS tetrapods,
21
 it is expected that the absorption profile is 
essentially dominated by the four PbS rod-like arms. Structural characterization of 
the PbSe seeded PbS tetrapods was carried out via X-ray diffraction (XRD) 
measurements, as depicted in Figure 4.1(c), and the peaks obtained were 
referenced with those of standard Halite PbS (JCPDS no. -00-005-0592). The  
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Figure 4.3 (a) Schematic of the sequential cation exchange starting from 
CdSe/CdS tetrapods.(b-d) Representation TEM images of CdSe/CdS, Cu 2-x Se/ 
Cu 2-xS and PbSe/PbS tetrapods. (e) The color change of the tetapods from (b-d) is 
seen here. (f) Optical absorption spectra of the (b-d) in black, blue and red color.  
 
close agreement with all of the reference index planes of PbS suggests that the 
PbSe seeded PbS tetrapod arms are highly crystalline even though their formation 
was carried out at room temperature, thus attesting to the exquisite conservation 
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undergoing two consecutive cationic-exchange reactions. Further characterization 









Figure 4.4: FTIR spectra of the pure toluene ( black) and nanocrystals dispersed 
in toluene. (a) Carbonyl stretching vibration of oleic acid was to be found at 1715 
cm
-1
. The results indicate that oleate ligands attached to PbSe-PbS nanocrystals 
.(b) phosphonate stretching vibration of the phosphonic acids was to found at 
1219 cm
-1
, which indicates the presence of this ligand on to the PbSe-PbS surface. 
 
     proceeded via Energy-dispersive X-ray spectroscopy (EDX) measurements, as 
shown in Figure 4.1(d), where the presence of Pb and S are prominently featured. 
Signals attributed to Se, however, were extremely weak and could not be assigned 
with confidence, likely because the PbSe core is relatively small and the amount 
of Se content per particle was too low to be reliably detected. The detils of the 
cation exchange can bee seen in Figure 4.3  
      Construction of the NC-based IR photodetector device was carried out by 
drop-casting under ambient conditions a concentrated solution of PbSe seeded 
PbS tetrapods in toluene onto pre-fabricated gold electrodes atop a ~ 0.3 µm thick 
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at ~10 µm and the electrode height was determined to be ~ 800 nm. An overall 
schematic of the device architecture is given in Figure 4.5(a). It should be 
emphasized that unlike previous efforts to fabricate PbS NC photodetectors which 
typically involved cap-exchange of the oleic acid-capped PbS with shorter alkyl 
amine ligands
14-17,27
 and/or treatment of the PbS NC film with 1,2-ethanedithiol 
(EDT) to passivate electron traps,
27,28
 the PbSe seeded PbS tetrapods did not 
undergo any cap-exchange process or film treatment. Post-annealing of  the film 
at elevated temperatures, which is a strategy often employed to increase device 
performance,
27
 was also not carried out. Figures 4.5(b) and 4.5(c) show the top 
and cross-sectional scanning electron microscopy (SEM) images respectively of 
densely-packed PbSe seeded PbS tetrapods with a thickness of approximately 3 
µm across the central region of the drop-casted film.  No obvious cracks or patchy 
areas on the order of ~ 1 µm were observed, suggesting that the overall 
morphology of the active area of the film was fairly smooth and uniform.  
In order to evaluate the ability of the tetrapod-based device to carry out NIR 
photodetection, an excitation wavelength of 808 nm using a continuous wave 
(CW) laser source was used, and photocurrent measurements were performed 
with the device under vacuum. The general I-V response of the device at various 
excitation intensities, as shown in Figure 4.5(d), showed a slight asymmetry in 
the current generated between the positive and negative bias applied which may 
be attributed to structural unevenness in the fabricated Au electrodes. Between an 
applied bias of -2.0 V and +2.0 V it is observed that there is little photoconductive 
gain, although the initial photocurrent at very low bias is linear (inset of Figure 
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4.5(d)), suggesting that there is ohmic contact between the tetrapod film and the 













Figure 4.5. (a) Schematic of the tetrapod-based IR photodetector based on a 
lateral electrode configuration. (b), (c) are the top and cross-sectional SEM 
images respectively of densely-packed PbSe/PbS tetrapod films drop-casted under 
ambient conditions from a solution of tetrapod particles dispersed in toluene. The 
thickness at the central region of the film was about 3 µm. (d) Graph of 
photocurrent vs applied voltage at different excitation intensities: 570 μW/cm2 
(red), 532 nm (green), 808 nm (red), 1064 nm (black). The dark current curve is 
shown in black. The excitation wavelength was fixed at 808 nm. 
 
observed and saturates at higher photo-excitation intensities, which would be 
expected when the absorption limit is reached. The onset of the large increase in 
photocurrent and to some extent the dark current at a moderate bias of +2.0 V is 
suggestive of charge injection from the Au electrodes into the film, similar to 
c) d) 
b) a) 
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what was observed in a Bi2S3 nanorod photodetector with Au contacts.
8
 This is 
plausible given that the work function of the Au electrodes is significantly 
lowered when exposed to organic molecules, and may be relatively close to the 
conduction band (CB) of the 2-D quantum confined PbS tetrapod arms (CB of 
bulk PbSe is ~4.6 eV
29
) such that electron injection occurs under an applied bias. 
The injection of charge into the film results in an overall increase in current and 
consequently enhanced photoconductive gain. 
One of the most important attributes defining the efficiency of a photodetector 
is its responsivity, which is essentially the amount of net photocurrent derived for 
a given area and intensity of photo-excitation.
30
 The responsivity of the PbSe 
seeded PbS tetrapod photodetector at 808 nm and an applied bias of +5.0 V is 
~5800 AW
-1
, which is amongst the highest reported for colloidal semiconductor 
nanoparticle based NIR photodetectors with a single active material. It should be 
noted that the addition of a secondary material with high carrier mobility such as 
graphene can increase the responsivity substantially, as exemplified by recent 
reports of hybrid PbS QD/graphene based photodetectors with responsivities as 






 In this work, however, we have limited our NIR 
photodetector device architecture to having the semiconductor tetrapods as the 
only active component in order to investigate their merits over more commonly 
used spherical PbS QDs.  
The dependence of the responsivity at an applied bias of +5.0 V as a function 
of excitation intensity was investigated, as depicted in  Figure 4.6(a), where an 
initial slow decrease in responsivity is followed by a much more rapid decline as 
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. This is 
commensurate with the photocurrent density obtained (plotted in the same Figure 














Figure 4.6. (a) Responsivity of the PbSe seeded PbS tetrapod-based photodetector 
(in black) as a function of excitation intensity for an excitation wavelength of 808 
nm. The corresponding photocurrent density (in blue) measured is plotted as a 
reference. (b) The temporal response of the photodetector at an excitation 
intensity of 570 μW/cm2. (c) Enlarged view of the figure 4.6b, shows 100ms 
response time. 
 
A possible explanation for the stark decrease in responsivity and reduced 
photocurrent generation is the filling of charge trap states at high excitation 
intensities.
31
 These trap states  allow for the achievement of high photoconductive 
a) b) 
c) 
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gain by prolonging exciton recombination times and preventing extraction of the 
trapped carrier,
32
 and the suppression of these trap states would result in a reduced 
photocurrent. Although photo-annealing at higher excitation intensities can also 
facilitate the elimination of trap states by removing crystal defects,
33
 such a 
scenario is unlikely applicable in this case since control experiments showed that 
the cycling between the different excitation intensities at a fixed bias reproduced 
the same photocurrents, suggesting that the non-participation of the trap states at 
high excitation intensities is transient and consistent with a state-filling process..        
Another important figure of merit for characterizing the performance of 
photodetectors, namely their sensitivity, is quantified via the specific detectivity 
D
*
 which can be expressed as:
34 
  
where Jphoto , Jdark are the photo- and dark currents respectively, I is the excitation 
intensity at 808 nm and e is the electronic charge in Coulombs. The unit for D
*
 is 
given in Jones. In the case of the PbSe seeded PbS tetrapod NIR photodetector, 
the D
* 
achieved was ~ 1.5 x 10
13
 Jones at an excitation wavelength of 808 nm, 
which suggests that these tetrapod-based photodetectors possess excellent 
sensitivity. The temporal response of the photodetector was evaluated and is 
depicted in Figure 4.6(b), where it is readily seen that the photocurrent generated 
between ON/OFF cycles is fairly steady over the course of the cycle time, which 
in this case was a little over an hour. The slight fluctuations in photocurrent may 
be ascribed to the effects of heating, which can result in changes in conductivity 
across the film.
35
 Figure 4.6(c) is a magnified region of Figure 4.6(b), and the 
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photocurrent decay time is approximately 100 ms. It should be pointed out that 











Figure 4.7 (a) Schematic of the band alignment of the PbSe seeded PbS tetrapods, with 
respect to their bulk values. (b) Charge carrier recombination of the electron and 
hole shown here. (c) the carrier recombination lifetimes was extracted from this 
curve. 
 
measurements and it is possible that the actual temporal photoresponse of the 
device is much shorter than 100 ms. Nevertheless, such a temporal response  is 
sufficient for most imaging applications that do not require very fast capture rates. 
We sought to understand the origins of the high responsivity and specific 
detectivity derived from the PbSe seeded PbS tetrapod device in which no ligand-
exchange or film treatment was carried out in order to enhance its performance. 





































Core-Seeded Semiconductor Tetrapods as Ultrasensitive Near-Infrared 
Photodetectors                                                                                     132  
Aside from an expected increase in charge percolation pathways due to the 
branched morphology of the tetrapods, another possible contributing factor to the 
high photoconductive gain achieved is the band offsets between PbSe and PbS, 
which from bulk considerations form a Type II energy alignment as illustrated in 
Figure 4.7(a). Thus excitons generated would spontaneously separate, leaving the 
electrons in PbSe and the holes in PbS and resulting in significantly lengthened 
exciton lifetimes. The charge recombination dynamics of the PbSe seeded PbS 
tetrapods dispersed in toluene were subsequently probed using transient 
absorption (TA) spectroscopy.  The transient absorption (TA) spectra in visible 
range with 1 ps probe delay are shown in Figure 4.7b (Pumped at 400 nm, ~ 50 
uJ/cm
2
). However, there is a photon-induced bleaching peak (420 – 500 nm) for 
the PbSe/PbS heterostructure. To extract the charge carrier recombination time in 
these NCs, the photon-induced absorption decays at 680 nm were monitored. The 
decay curves as well as the corresponding multi-exponential fittings are shown in 
Figure 4.7c. The intensity weighted charge carrier recombination lifetimes are 
extracted as 17 ms for PbSe seeded PbS tetrapods. It should be noted that any fast 
decay processes occurred within 1 ns cannot be represented in Figure 4.7b. 
4.4: Conclusion: 
In summary, monodisperse colloidal PbSe seeded PbS tetrapods were wet-
chemicaly synthesized and investigated as the active material in a NIR 
photodetector device which comprised of a dropcasted film of tetrapods 
sandwiched between two-coplanar planar Au electrodes on a SiO2 substrate. 
Despite the exclusion of laborious ligand-exchange processes and thermal 
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annealing to improve the conductivity of the nanoparticle film, the tetrapod-based 
device was able to achieve a responsivity of ~5800 AW
-1 
and specific detectivity 
of ~1.5 x 10
13
 Jones at 808 nm, which are amongst the highest based on colloidal 
semiconductor nanoparticle NIR photodetectors. The high photodetection 
efficiency was attributed to an extremely long-lived exciton lifetime of ~17 ms, 
which was measured via transient absorption spectroscopy. These results 
collectively suggest that heterostructured PbSe seeded PbS nanotetrapods are a 
very promising alternative to the more widely adopted spherical PbS nanocrystals 
as the active material in a NIR photodetector. 
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5.1: Introduction 
Graphene sheet is in the forefront of the materials science since being discovered 




 and remarkable electronic 
properties of graphene enable its extraordinary performance in various 
applications, such as photovoltaic cells, fuel cells, photocatalytic activity, etc. The 
primary strategy to produce a high yield of graphene sheets relies on the chemical 
exfoliation of graphite. This chemical process typically transforms graphite first, 
into graphene oxide (GO) first which upon reduction, can switch it to a graphene 
like material, named as reduced graphene oxide sheet (RGO). The functional 
groups along the basal plane (epoxy and hydroxyl groups) and edge (carboxylic 
acids group) of both GO and RGO can act as the reactive sites and this makes it 
convenient to tailor their properties through functionalization. In particular for 
photovoltaic applications, RGO has been modified as an electronic template to 
anchor photoactive nanocrystals. It is well known that the electron transportation 
in the network of nanocrystals is governed by hopping or tunneling. High loading 
of nanocrystals are thus necessary, where there would be a risk of aggregation if 
too large of a volume fraction was used. RGO with large surface area is thus 
employed as the conductive scaffold to furnish the continuous charge 
transportation plane for nanocrystals. Efficient transfer of photoinduced charge 
carriers from nanocrystals to RGO can improve the photocurrent response over 
the system without RGO under optical excitation.
2-4
  
Intermixing RGO with conjugated polymer in the photoactive layer has also been 
the subject of recent interest in bulk heterojunction photovoltaic devices. Though 
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RGO cannot contribute to the improvement in optical absorption, the respective 
energy levels at the RGO/polymer interface is favorably aligned and this 
facilitates the charge transportation process effectively. Currently, this type of 
hybrid photovoltaic devices still shows limited power conversion efficiency. 
Hybrid devices based on graphene derivative and polymers P3HT, MOMO-PPV 
and RGO, only result in the efficiency of 1.51 %.
5
 One of the bottlenecks in 
accomplishing high efficiency of RGO-polymer based devices is correlated with 
their solvent incompatibility. RGO has excellent stability in water due to its 
hydrophilic edges containing carboxylic acid groups. Therefore, the incorporation 
of organic-soluble polymers with immiscible pristine RGO is unlikely to generate 




Here, we will demonstrate a simple and an effective means to integrate 
nanocrystals, RGO and polymer together for high performance photovoltaic cell. 
Compatibilization of nanocrystals, RGO and polymer by amine treatment ensures 
the existence of ideal phase separation inside the photoactive layer. Amine 
treatment employed on RGO and nanocrystals not only enhances their solubility 
in the organic solvent, 1,2-dichlorobenzene (ODCB), it also induces the uniform 
anchorage of nanocrystals on RGO. By simply mixing the nanocrystals attached 
RGO with polymer as a single photoactive layer, the power conversion efficiency 
(PCE) can achieve at least twofold increment over either polymer-RGO, polymer-
nanocrystal or RGO-nanocrystal devices. The outstanding performance of this 
new integrated photoactive system is attributed to three reasons. Firstly, the 
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efficient charge separation can occur at three interfaces of polymer/RGO, 
polymer/nanocrystal and Type II nanocrystal itself. Secondly, the good 
percolation pathway for hole (electron) transport to anode (cathode) is provided 
with high mobility polymer (for holes) and RGO (for electrons). Thirdly, the 
photons in a wide wavelength range (380-830 nm) can be efficiently absorbed by 
both the visible-light absorber (polymer) and near infrared absorber (nanocrystal) 




Synthesis of reduced graphene oxide (RGO): 
Graphene oxide was prepared based on the Hummers method. Initially, graphite 
flakes (1.5 g) were stirred in an ice bath. Sodium nitrate (1.5 g) and concentrated 
sulphuric acid (69 mL) were then added slowly with vigorous stirring while 
maintaining the mixture at 0-5 °C. After that, potassium permanganate (9 g) was 
added very slowly over 2 hours. Then, the mixture was transferred to a 35 °C 
water bath and stirred for about 1 hour to form a thick green paste. Following, 
deionized (DI) water (120 mL) was added very slowly and the mixture was stirred 
for another 1 hour while the temperature was raised to 90 °C. Deionized water 
(300 mL) was added, followed by slow addition of 30% hydrogen peroxide (9 
mL). The suspension was filtered and redispersed in DI water. Finally, the 
material is repeatedly washed with DI water by centrifugation until the pH of the 
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supernatant is around 7. The resulted GO was dried (1 g) and then added into 70% 
HNO3 solution (200 mL). The solution was sonicated at 60 
o
C for 4 h. After that, 
the mixture was cooled and diluted with deionized (DI) water (800 mL). The 
solution was centrifuged at 15000 rpm to remove the acid. The pellet product was 
further dialyzed in a dialysis bag for 3 days. The result material was then dried in 
a vacuum desiccator and stored at ambient environment. GO was reduced to RGO 
by thermal treatment at 600 °C in oven under inert atmosphere.  
Preparation of amine functionalized RGO:  
Typically, 50 mg RGO was dispersed into 5 mL oleylamine (OLA) by 
ultrasonication to give a well-dispersed solution. After that, 20 ml 1,2-
dichlorobenzene (ODCB) was added into the solution and the mixture was 
centrifuged at 14000 rpm to remove the free oleylamine (the pellet was further 
washed with OLA by centrifugation for 4 times). The resulted amine 
functionalized RGO could be well-dispersed in ODCB. 
Synthesis of spherical Zinc Blende CdSe seeds:  
See the chapter 2 for the details 
Synthesis of CdSe seeded CdTe tetrapods:  
See chapter 2 for details 
Ligand exchanged procedures to amine-capped CdSe/CdTe tetrapods. 
Approximately 30 nm long Zb-CdSe seeded CdTe tetrapods synthesized using 
ODPA and HPA were processed from growth solution and heated at 90 
o
C with 
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stirring for ~24 hrs in the presence of excess octylamine in toluene. Upon 
completion of the reaction time the resulted amine-capped tetrapods were 
processed at least 4 times to confirm the removal of any unbound ligand. 
Preparation of blend films consisted of PCDTBT:RGO-Tetrapod: 
 RGO-Tetrapod solution was prepared by mixing amine functionalized RGO with 
amine-capped tetrapods in a fixed weight ratio of 1:50. The blend films of 
PCDTBT: RGO-Tetrapods in different weight ratio (1:1, 1:3, 1:5, 1:7 and 1:9) 
were deposited by spin coating from ODCB. For examples, blend ratio of 1:7 
represents to mix 7 mg/ml PCDTBT to 49 mg/ml RGO-Tetrapods.  
Preparation of blend films consisted of PCDTBT:Tetrapod, RGO-Tetrapod and 
PCDTBT:RGO for photovoltaic devices.: 
 All films are spin coated from ODCB under different concentration.  For 
PCDTBT:Tetrapod: 7mg/ml of PCDTBT was mixed with 49 mg/ml of tetrapods. 
For RGO-Tetrapod, 0.98 mg/ml of RGO was mixed with 49 mg/ml of tetrapods. 
For PCDTBT:RGO, 7 mg/ml was mixed with 0.98 mg/ml of RGO. All solutions 
are stirred overnight over 48 hours inside glove box.  
Fabrication of PV Devices:  
All substrates used in this study were cleaned with detergent, deionized water, 
acetone and isopropanol for 15 min. Poly(3, 4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was purchased 
from H. C. Starck. GmbH (Baytron P VP AI4083) is used as buffer layer. 
PEDOT:PSS film was firstly spin coated on the top of the ITO anode and dried at 
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100 °C for 15 min. All photoactive layers (PCDTBT:RGO-Tetrapod, 
PCDTBT:Tetrapod, RGO-Tetrapod and PCDTBT:RGO) were then spin coated 
from ODCB on the PEDOT:PSS layer. The samples were then annealed at 150 °C 
for 10 min. LiF/Al cathode was thermally evaporated through a shadow mask 
giving an active device area of 0.04 cm
2
. The fabricated solar cells were 
characterized with a 150W solar simulator with AM 1.5G filter from Newport 
Corporation at an intensity of 100 mW/cm
2
.  
5.3: Results and Discussions: 
Long range of photoinduced charge separation in type II nanocrystals had been 
demonstrated to have potential photovoltaic applications.
7
 Tetrapod shaped 
nanocrystals with CdSe core/CdTe branches have presented a type II band offset 
with in-situ charge-separating properties across the interfaces efficiently.
8
 In this 
study, we applied a lower injection temperature (320 °C) than that used in the 
literature
9
 to synthesize CdSe/CdTe tetrapods by utilizing oleic acid, HPA and 
ODPA ligand system. The oleic acid stabilizes the zinc blende phase of CdSe 
even at elevated temperatures that would typically convert zb- to w-CdSe, 
10
. 
Details are given in chapter 2. Transmission Electron Microscope (TEM) images 
(Figure 5.1a) show that our synthetic means can generate a very high yield of 
tetrapods (90% with respect to nanorod, bipod and tripod by-products) which may 
be attributed to the stabilization of the zinc blende phase of CdSe by oleic acid 
ligands. Enlarged TEM picture as shown in Figure 1b displays that the amine-
capped tetrapods with arm diameter of 7 nm and branch lengths in a range of 30-
35 nm. Oleylamine is a typical surface modifier to improve the hydrophobic 
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behavior of nanostructures.
11
 Oxygen functionalities on RGO can react with the 
lone pair of electrons from oleylamine and thus, becomes highly soluble in 
organic solvent (>5 mg/ml) than their naked counterparts. Our experimental 
results indicate that the amine treatment also plays an important role in stabilizing 
the attachment of tetrapods on RGO. TEM images displays a clear contrast in the 
attachment of tetrapods on RGO as compared between Figure 5.1c and 5.1d. 
Without amine treatment, negligible interaction between the tetrapods and RGO 
contributes to the larger fraction of tetrapods being aggregated between RGO 
sheets (Figure 5.1c). This non-uniform coverage of tetrapods will reduce its 
interfacial areas with RGO dramatically. With amine treatment, uniform and well-
dispersed tetrapods can sit on the plane of RGO without any aggregate formation. 
This phenomenon is similar to the adhesion of amine-capped nanoparticles on the 
carbon nanotubes via a non-covalent effect. This simple and effective approach 
enables us to achieve a high density and monodispersed assembly of the tetrapods 
on RGO, and here we name this hybrid as RGO-Tetrapod. In order to investigate 
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Figure 5.1. TEM images (a) show the homogeneous dispersion of the tetrapods in 
high yield (90%) and (b) the tetrapods are consisting of a CdSe core enclosing 
four CdTe arms. Discrepancy of tetrapods coverage on reduced graphene oxide 
(RGO) (c) without and (d) with oleylamine treatment are indicated from TEM 
images. (e) and (f) Absorption and PL spectra of thin films comprising PCDTBT 
and RGO-Tetrapod in different blend ratio. For the PL study the excitation source 
is 500 nm. 
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RGO-Tetrapod with extraordinary photovoltaics characteristics, we firstly 
examined its absorption property with the polymer PCDTBT. PCDTBT is a 
polycarbazole-based conjugated polymer that has been widely utilized in organic 
photovoltaic devices due to its deep HOMO energy level and good atmospheric 
stability.
12-14 
Figure 5.1e shows the absorption spectra of films coated from 
solutions of pure PCDTBT, pure RGO-Tetrapod and their blend (1:1 to 1:9 
weight ratio of PCDTBT: RGO-Tetrapod). Detailed preparation procedures can 
be found in the experimental section. The complementary absorption spectra from 
UV to NIR region (380-830 nm) are results from the blend films of 
PCDTBT:RGO-Tetrapod which exhibits three distinct absorption bands. 
Increasing the ratio of PCDTBT:RGO-Tetrapod from 1:1 to 1:9 shows increased 
absorption in the near infrared region (wavelength at 788 nm). 
 
Steady-state PL spectra consistently exhibits a prominent PL quenching of 
PCDTBT with increasing RGO-Tetrapod content (Figure 5.1f). This result proves 
that the photoinduced charge carriers in the polymer can be efficiently separated 
with the aid of RGO-Tetrapod. In photovoltaic applications, the internal energy 
loss owing to recombination can be partly ascribed to non-uniform surface 
structure. To gain an understanding in the surface 
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Figure 5.2: Effect of different PCDTBT:RGO-Tetrapod blend ratio (a) to (e) 1:1, 
1:3, 1:5, 1:7 and 1:9 on the film morphologies as shown from plane view and 3-D 
view of 1 x 1 m2 atomic force microscopic images. All films are annealed at 150 
°C for 10 minutes. (f) Corresponding root mean square roughness values are 
plotted. 
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morphology and interfacial contact between PCDTBT and RGO-Tetrapod, we 
used Atomic Force microscopy (AFM) to visualize the morphological change of 
the PCDTBT:RGO-Tetrapod blends (Figure 5.2a to 5.2e). The corresponding 
root mean square roughness (Rrms) values are summarized in Figure 5.2f. As 
shown from Figure 5.2a, the presence of very large polymer domains (bright 
regions in the plane view) in the film cast from 1:1 PCDTBT:RGO-Tetrapod 
blend solution shows that large scale phase separation exists within the blends. 
Further increasing the blend ratio of PCDTBT:RGO-Tetrapod to 1:7 can lead to a  
more homogeneous surface structure with finer domains. Figure 5.2d shows the 
3-D AFM image of 1:7 PCDTBT:RGO-Tetrapod blend which shows the 
smoothest surface (Rrms is 1 nm) with the smallest mounds among all other blend 
films. Its plane view also reflects the well-dispersed and finer phase separation 
induced in the 1:7 blend film. Further increasing the blend ratio of 
PCDTBT:RGO-Tetrapod to 1:9 depicts the apparent continuous pathway of dark 
regions that may be ascribed to the highest concentration of RGO-Tetrapod 
among the blends.  Figure 5.3a shows the photovoltaic device configuration 
utilized in current study. The photoactive layer of PCDTBT:RGO-Tetrapod is 
sandwiched between PEDOT:PSS coated ITO and LiF/Al cathode. The devices 
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Figure 5.3. (a) Photovoltaic device configuration used in the current study. (b) 
Schematic energy level diagram in the device. Under light illumination intensity 
of 100 mW/cm
2
, J-V characteristics of the devices with (c) different photoactive 
layer and (d) PCDTBT:RGO-Tetrapod in various blend ratio are plotted. 
 
photoactive layers including PCDTBT:Tetrapod, RGO-Tetrapod and 
PCDTBT:RGO were also fabricated as the reference. The photocurrent current 
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density-voltage behavior and main photovoltaic parameters of all devices are 
summarised in Figure 5.3c and Table 5.1 respectively.   













PCDTBT:Tetrapod 0.32 0.41 0.27 0.04 1039 
RGO-Tetrapod 0.52 1.22 0.45 0.29 788 
PCDTBT:RGO 0.78 3.84 0.49 1.43 136 
PCDTBT:RGO-
Tetrapod 
0.82 6.04 0.59 3.27 9.2 
 
TABLE 5.1. Main photovoltaic parameters extracted from the devices consisted 
of different photoactive materials. Rseries is evaluated from the inverse slope of 
dark current-voltage (JD-V) characteristics of the photovoltaic device. 
 
As proposed in the previous section, the device with the photoactive layer of 
PCDTBT:RGO-Tetrapod demonstrates the outstanding photovoltaic performance  
with high open-circuit voltage (Voc) of 0.82 V, short-circuit current density (Jsc) of 
6.04 mA/cm
2
, fill factor (FF) of 0.59, yielding a high PCE of 3.3 %. In contrast, 
the reference devices made with PCDTBT:Tetrapod, RGO-Tetrapod and 
PCDTBT:RGO photoactive layer attained a lower PCE of 0.04 %, 0.29 % and 
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1.43 % respectively. The results reflect that every composition in this 
PCDTBT:RGO-Tetrapod blend film is essential to photovoltaic effeciency. We 
also want to emphasis that RGO-Tetrapod must be intermixed first after the amine 
treatment to ensure good uniform attachment of Tetrapods onto RGO as shown in 
the TEM image (Figure 5.1d). The blends without amine treatment cannot induce 
the uniform dispersion within RGO, tetrapods, and PCDTBT. The resulted 
solution shows very poor device performance, having a PCE of 0.95 % (not 
shown here).  
The dramatic photovoltaic improvement in our current PCDTBT:RGO-Tetrapod 
device is attributed to several factors. The integrated structure of RGO-Tetrapods 
can ensure an interconnected electron conduction network which is 
simultaneously surrounded by the continuous PCDTBT polymer. This 
uninterrupted electron pathway is especially essential for the charge transportation 
of common nanocrystals. The efficiency of nanocrystal-based device is strongly 
governed by hopping or tunneling. Arrays consisting of standalone nanocrystals 
must be packed very closely in order to induce the good percolation pathways. 
The most common method to improve the interconnections between nanocrystals 
is the sintering process. Here, the PCDTBT:RGO-Tetrapod blend can have a 
bicontinuous nanoscaled morphology (for both hole and electrons transportation) 
without high temperature treatment, which can inhibit the carrier recombination 
and facilitate the charge separation. Therefore, PCDTBT:RGO-Tetrapod based 
device can boost the PCE up to 3.3 %. Whereas the poor electron transportation 
and hole transportation across the bulk of the photoactive layer to the electrodes 
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through PCDTBT:Tetrapod (PCE of 0.04%) and RGO-Tetrapod (PCE of 0.29 %) 
blends limit their efficiency respectively.  
Comparably, PCDTBT:RGO based devices have a fair PV performance (PCE of 
1.43 %), owing to this blend not having a lack of donor and acceptor for holes and 
electrons separation/transportation. The decreased photovoltaic effect is assigned 
to the lack of tetrapods that will reduce the collection of photons incident from the 
near infrared region. As depicted in Figure 5.3b, the energy level of CdSe/CdTe 
tetrapod shaped nanocrystal 
15
 has favorable energy level alignment with highest 
occupied molecular orbital of PCDTBT (5.3 eV) and work function of RGO (~4.2 
eV). Lack of CdSe/CdTe tetrapods reduce the NIR light absorption and thus 
reduce the photoresponse.  
The interfacial morphology of donor/acceptor (D/A) is also a governing factor 
that affects photovoltaic behavior. As shown in Figure 5.2, this factor has strong 
correlation with the blend ratio of PCDTBT:RGO-Tetrapod. In fact, we have 
shown the importance in careful optimization of the blend ratio for good 
photovoltaic performance in Figure 5.2d and Table 5.2. The highest PCE is 
achieved from the device with a blend cast from 1:7 PCDTBT:RGO-Tetrapod 
solution. This is attributed to the largest values in the Jsc and the FF, compared 
with other blend ratios. The best photovoltaic effect is a result of the ideal 
interfacial morphology between PCDTBT and RGO-Tetrapod, as evident from 
AFM images shown in Figure 5.2. In fact, the smooth morphology of 1:7 
PCDTBT:RGO-Tetrapod blend film also results in the smallest series  
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1:1 0.77 4.84 0.45 1.64 50.8 
1:3 0.80 5.01 0.49 1.99 25.7 
1:5 0.81 5.70 0.52 2.47 12.6 
1:7 0.82 6.04 0.59 3.3 9.2 
1:9 0.80 5.89 0.50 2.30 15.9 
 
TABLE 5.2. Main photovoltaic parameters extracted from the devices with 
different blend ratio of PCDTBT and RGO-Tetrapod. Rseries is evaluated from the 
inverse slope of dark current-voltage (JD-V) characteristics of the photovoltaic 
device. 
 
resistance (Rseries is 9.2 -cm
2
). The values of Rseries are extracted from the dark 
current density-voltage curves of the devices and compared in TABLE 5.2. 
Evaluation of this Rseries can provide a deeper insight into the contact resistance 
within the devices.  
The most uniform morphology in the 1:7 PCDTBT:RGO-Tetrapod blend surface 
can achieve a better conduction path because the contact area between the 
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photoactive layer and electrodes has been maximized. Furthermore, its finest 
scaled phase separation can enlarge the D/A interface and thus facilitate the 
exciton dissociation process. The high efficiency of the device suggests that the 
photoinduced charge carriers can be transported along the continuous donor or 
acceptor phase to the respective electrodes instead of recombination.  
5.4: Conclusion: 
Here we demonstrated a unique hybrid solar cell made with Type-II CdSe/CdTe 
tetrapods mixed with RGO and polymer. We employed RGO, due to its large 
surface area, which helps to behave like a conductive scaffold to furnish the 
continuous charge transportation plane for CdSe/CdTe tetrapods. On the other 
hand, oleyalmine capped tetrapods were able to self-assemble on to the RGO 
surface. High yield (90%) of Tetrapod structures was obtained with a new 
combination of ligands, which is one of the key factors regarding the assembly of 
it onto the RGO surface.   Here, we demonstrated a simple and an effective means 
of integrating CdSe/CdTe tetrapods shaped nanocrystals, RGO and polymer 
together for a high performance photovoltaic cell. Amine treatment employed on 
RGO and nanocrystals not only enhances their solubility in organic solvent, 1,2-
dichlorobenzene (ODCB), it also induces the uniform anchorage of nanocrystals 
on RGO. By simply mixing the CdSe/CdTe tetrapods attached RGO with polymer 
as a single photoactive layer; the power conversion efficiency (PCE) can achieve 
at least a two-fold increment over either polymer-RGO, polymer-nanocrystal or 
RGO-nanocrystal devices and reach as high as 3.27%. Due to its simplicity, in 
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future research, further achievement in the process of solar energy harvesting may 
be possible. 
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In this thesis, the colloidal synthesis and optical properties of different branched 
core shell semiconductor nanoheterostructures have been broadly explored. 
Unique strategies to obtain highly uniform and monodisperse four arm tetrapods 
in a highly reproducible manner were developed, and a general understanding of 
their facet distribution with respect to metal deposition was demonstrated. In 
addition, a simple lateral photo-detector device was developed to showcase an 
application of the branched tetrapods structures. We also demonstrated the light 
harvesting property of our type-II tetrapods when blended with reduced graphene 
oxide (RGO) and polymer.  
In Chapter 2, we showed a controlled way to synthesise core shell tetrapod 
semiconductor nanocrystals such as CdSe seeded CdS, CdSe seeded CdTe. This 
was achieved via a facile, seeded method that requires a stringent control over 
multiple parameters such as growth temperature, amount and chemical 
composition of the surface capping ligands.
1
 We took CdSe seeded CdS tetrapods 
synthesis as a model system for studding the effect of different parameters to 
obtained highly mono-dispersed branched nanocrystals.  During the growth of 
four arm tetrapods structures in a high temperature coordinating solvent, the phase 
purity of the CdSe seeds is the key issue as the zinc blende phase of CdSe QDs is 
the basic requirement for the subsequent CdS arm growth. We introduced a new 
ligand, oleic acid, which acts as a stabilizing agent for the zinc blende CdSe and 
allows high temperature reaction for the CdS arm growth. Furthermore, the effect 
of long chain alkyl sulfur was investigated and it was found that excess sulfur can 
partially convert Zinc blende to wurtzite and hinder the synthesis process. Upon 
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considering those factors we optimized the system and achieved around 90% 
yield of CdSe seeded CdS tetrapods with shape and size uniformity. After 
achieving mono-disperse high yield CdSe seeded CdS tetrapod’s, tuning the 
tetrpods arm and length was the next challenge to overcome. This problem, which 
has not been addressed in literature, was solved by using a right combination of 
surface capping ligands. We further extended our observation and applied this for 
the CdSe seeded CdTe tetrapods synthesis process, and obtained around 90% 
yield without any post synthetic modification.  
In chapter 3, we have described a method to achieved asymmetric metal tip 
deposition on the tetrapod’s structure, which has not been reported due to similar 
reactivity’s of all four tips.2 This problem of asymmetric metal deposition on the 
tips was overcome by fine tuning the shapes of the tetrapods structures. With the 
use of certain reaction conditions, cone-like nanorods and tetrapods were 
synthesized. The cone-like nanorods and tetrapods were compared with their 
more conventional cylinder-like counterparts in terms of their topological 
selectivity of Au deposition. For the case of cylinder-like nanorods, due to the 
difference in facet reactivity, deposition of gold on one tip, two tips and 
subsequently everywhere was achieved. While on the other hand, for the normal 
tetrapods (cylinder-like four arms), due to similarity in all tips, no such selectivity 
was observed. In contrast a remarkably higher propensity for tip growth was 
found in the case of the cone-like structures, with an unexpected single-tip growth 
in the case of tetrapods. To address the mechanism behind this observation, we 
did a few control experiments where we exchanged the surface ligands and found 
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that with a new combination of ligands, the same trend was observed. This helped 
us to rule out a kinetic effect. After carefully understanding the facet distribution 
of both type of tetrapods under HRTEM, we found certain distortion in the case of 
cone like arms, which might helping Oswald ripening and this would lead to one 
tip gold deposition. Furthermore, due to the control experiment to understand 
Oswald ripening behavior, we were able to ascribe a dramatically enhanced intra-
particle electrochemical Ostwald ripening process in which small Au clusters at 
the side facets of the semiconductor structure were rapidly dissolved and re-
deposited onto the large Au particles at the tips. To show the unique utility of the 
one-tipped Au-semiconductor tetrapods, which was subsequently exploited to 
produce uniform hierarchically complex tetrapod structures with Au on one tip 
and Ag2S at the other three, thus exemplifying a strategy for circumventing a 
statistical distribution of tips with different materials composition.  
The utility of our semiconductor branched tetrapods nanostructures was described 
in Chapter 4. Firstly, in this chapter, we showed the synthesis of PbSe seeded PbS 
via a Cu2-xSe seeded Cu2-xS intermediate, using CdSe seeded CdS tetrapods as a 
template with the help of cation exchange phenomena. It has generally been 
shown that PbS and PbSe QDs are good for the NIR photo-detectors, due to their 
long life time which helps to separate the charges.
3 
As the PbSe seeded PbS 
tetrapods exhibit type –II band alignment and due to the tetrapod’s structures, it 
possess several other properties and because of that, it can be a good choice as a 
NIR photodetector material. We exploited this fact of PbSe seeded PbS tetrapods 
in order to make a NIR photodetector device which showed strong photoresponse 
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around the NIR region. Thus, we introduced a simple lateral drop casted device 
that could be useful for the use of night vision, optical tomography and so on. 
Furthermore, without any ligand-exchange or high temperature annealing steps 
which are typically used to enhance the efficiency of QD-based photodetectors, 
we found that the tetrapod-based device was able to achieve very high currents of 
~ 15 µA at +5 V, a large gain of ~ 4.5×10
5
, and a responsiveness of nearly 3000, 
which is amongst the highest ever achieved for QD-based NIR photodetectors. 
The device shows good response in the order of 0.1s, which is limited by the time 
resolution of our measuring apparatus. Additionally, we proposed a space-charge 
limited model to understand the possible mechanism for the current vs voltage 
behavior.  At the end of this chapter, we demonstrated that these PbSe seeded PbS 
tetrapod based photodetector shows relatively good response under white light 
illumination, attesting to its utility under more practical settings. 
As in the CdSe seeded CdTe type-II tetrapods system, the elongated CdTe shell is 
used as a photon-capturing “antenna”, which can absorb light almost up to the 
NIR region , which can greatly enhance the light absorption in the solar cell 
device which is shown in chapter 5. Here we demonstrated a unique hybrid solar 
cell made with Type-II CdSe/CdTe tetrapods mixed with RGO and polymer. We 
employed RGO, due to its large surface area which helps to behave like a 
conductive scaffold to furnish the continuous charge transportation plane for 
CdSe/CdTe tetrapods. In addition, oleylamine capped the tetrapods were able to 
self-assemble on to the RGO surface. High yield (90%) of Tetrapods structres was 
obtained with new combination of ligands, which is one of the key factors 
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regarding the assembly of it’s on to RGO surface.   Here, we demonstrated a 
simple and an effective means to integrate CdSe/CdTe tetrapdod shaped 
nanocrystals, RGO and polymer together for high performance photovoltaic cell. 
Amine treatment employed on RGO and nanocrystals not only enhances their 
solubility in organic solvent, 1,2-dichlorobenzene (ODCB), but also induces the 
uniform anchorage of nanocrystals on RGO. By simply mixing the CdSe/CdTe 
tetrapods attached RGO with polymer as a single photoactive layer, the power 
conversion efficiency (PCE) achieved at least a twofold increment over either 
polymer-RGO, polymer-nanocrystal or RGO-nanocrystal devices and the PCE 
reached as high as 3.27%. Due to its simplicity, in the future, further 
improvements in the process of solar energy harvesting may be possible. 
Our results have so far established a controlled hot injection seeded approach to 
synthesize different kind of core shell nanotetrapods. The selective metal 
deposition and optoelectronic application of these branched tetrapods was also 
demonstrated. Given these considerations, we seek to extend the follow-up work 
on basis on this thesis as follows: 
1) We hope that from a detailed understanding of the different parameters 
regarding the synthesis of core shell branched tetrpods, this thesis can be helpful 
for the synthesis of other kind of core shell heterostructures. For the case of arm 
growth, the monomer concentration model was followed to understand the 
resultant branched structures compared to dots and rods. The one limitation of this 
model is that it is meant for the one pot synthesis where homogeneous nucleation 
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is the main process and it does not talk about seeded approach. In seeded 
approach, which is followed mostly in this thesis, the basics of anisotropic growth 
remain the same but since it is a heterogenous process, further studies might be 
helpful in this regard.      
2) With our unique approach to achieve solely a one metal tipped tetrapod while 
leaving other four arms empty, these methods can be exploited to sequential 
deposition of 4 different kinds of material within one single particle. With the 
help of this highly complex structure, multiple useful properties such as directed 
assembly, magnetic, dark field imaging and so on, can be obtained at same time.  
The development of multimodal imaging composite structures, where the metal 
tip can serve as a dark field imaging contrast agent while the semiconductor 
counterpart can serve as fluorescent probes, can be achieved. Attachment of a 
magnetic nanoparticle on the other end of the rod can introduce a means to 
magnetic resonance imaging as well. The feasibility of constructing such 
composite structures will be explored and developed. 
3) We also envision that if appropriate sequential deposition of suitable metals 
may lead to uniform tetrapod structures with 4 different metal tips of different 
composition, this presents intriguing scenarios for conductivity studies in 
branched semiconductor structures at the single nanoparticle level. 
4) As we showed the promising performance of the PbSe/PbS tetrapods as NIR 
detectors, it also considers that the making of this device is rather simple without 
much optimization. In line of recent advancements in this field, people have 
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achieved very high gain and detectivity with the combination of spherical PbS 
QDs and graphene.  With the help of our type-II core shell tetrapods coupled with 
graphene, it is possible to achieve further advancement in this field. Its use in field 
effect transistors (FET) could be a future study of this type of branched structures. 
5)  The photovoltaic device made from the combination of Type-II CdSe/CdTe 
tetrapods, polymer and reduced graphene oxide (RGO) may need further studies 
for the improvement of its performance. This is first time we showed that the 
combination of branched nanocrystal, polymer and RGO can achieve as high as 
3.27% PCE, and presented a model study of the heterojunction solar cell. We 
hope that future studies will be able to expand on the present models, which we 
have shown, in order to derive better light harvesting material. 
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